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Detecting DNA targets with specific sequence is important in the identification and 
detection of single nucleotide polymorphisms and gene expression profile analysis. 
Traditionally, fluorescence is used to report the presence of DNA targets hybridized 
to surface-immobilized DNA probes. However, this method requires fluorescent 
labeling of DNA targets, and the sensitivity remains a challenge. In the first part of 
this thesis, we used cetyl trimethylammonium bromide (CTAB) for enhancing the 
fluorescence intensity of 6-carboxy-fluorescene (FAM)-labeled DNA targets 
hybridized to the immobilized DNA probes. The fluorescence intensity shows a 26-
fold increase for perfect-match DNA targets. The contrast ratio between perfect-
match and 1-mismatch DNA is increased from 1.3-fold to 15-fold. This method offers 
a simple and efficient technique to enhance the fluorescence detection limit on solid 
surface. 
 
In the second part, we used liquid crystal (LCs) as an imaging tool to detect 
DNA targets. The imaging principle is based on the disruption of the orientations of 
LCs by single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA). Because 
LCs are birefringent materials, disruption of their orientations can manifest as optical 
signals visible to the naked eye. Firstly, LCs was used to image ssDNA immobilized 
on solid surfaces. Interestingly, a clear transition of the optical appearance of LCs 
 x 
 
from dark to bright at a threshold ssDNA concentration was observed. This enables us 
to correlate the LCs interference colors with ssDNA concentrations, and it also serves 
as a basis for the quantification of immobilized ssDNA on solid surface. Later on, we 
hybridized the ssDNA with complementary targets and used LCs to image the dsDNA. 
However, because the color contrast between ssDNA and dsDNA is not significant, 
we added the surfactants, CTAB, to the DNA targets to aid the re-organization of LCs 
because the hydrocarbon tail of surfactants has strong orientational effect on LCs 
molecules. This approach is further explored to show the ability to discriminate the 
complementary strands from the non-complementary strands even at low 
hybridization efficiency (33%).  
 
Even though the detection of DNA targets can be carried out by using the LC-
based method above on a solid surface, the long duration of DNA hybridization 
makes this method not feasible for real-time detection. Thus, in our final part of this 
thesis, we developed an LC-based method which can detect DNA targets in a real-
time manner. We self-assembled cholesterol-labeled DNA probes at the LC-aqueous 
interface. When the system is exposed to perfect match DNA targets, the optical 
appearance of LC shows a continuous change from dark to bright under the crossed 
polars within 15 min. No obvious change can be observed when the system is exposed 
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Detecting DNA targets with specific sequence is important in the identification and 
detection of single nucleotide polymorphisms (SNPs), the analysis of gene expression 
profile and the identification of pathogens (Heller 2002). SNPs analysis is important 
in the identification of alleles or mutations in gene which can cause diseases. Gene 
expression profile analysis is playing its role in identifying which genes are expressed 
under certain environment and to what level they are expressed. The identification of 
pathogens is essential to ensure that the infected subject can be treated as fast as 
possible. For instance, Bacillus anthracis or commonly known as Anthrax can cause 
lethal disease to both humans and animals. By detecting the unique DNA sequences 
of B. anthracis, such as lef or cya, the identity of B. anthracis can be verified in a 






The detection of DNA targets starts with the preparation of fluorescently-
labeled DNA samples. Generally, total RNA is extracted from cells and reverse 
transcribed to synthesize the complementary DNA (cDNA) in a thermal cycler. After 
the degradation and removal of RNA, cDNA synthesis products are purified and 
fragmented. The fragmented products are then tagged with appropriate labels such as 
fluorophores. The labeled DNA strands are cleaned up and verified by gel 
electrophoresis before using them for hybridization.  
 
DNA microarray can be used to detect DNA targets with a specific sequence. 
DNA microarray has become a very popular technique because of its high-throughput 
and miniaturized properties. DNA microarray has thousands of DNA probe with 
specific sequence immobilized at specific location on solid surface which allows the 
simultaneous detection of thousands of DNA targets at one time. The miniaturized 
scale of DNA microarray means that the required volume of targets sample is reduced. 
DNA microarray can be fabricated either by using in situ DNA probe synthesis or 
transferring synthetic DNA probes onto the microarray surface. The immobilized 
DNA probes are then used to capture the DNA targets during the DNA hybridization. 
The excess or non-hybridized targets are washed off after the hybridization.  
 
A key component in the DNA microarray technology is the detection of 
fluorescence signals emitted from fluorescently labeled DNA targets (Bally et al. 
2006; Schaferling and Nagl 2006; Wang 2000). Fluorophores are commonly used 
because they exhibit defined absorption and emission spectra. However, there are 





quenching effects. Besides, the sensitivity of detection has always been a challenge 
due to the small amount of DNA targets hybridized to the microarray. Thus, 
alternative methods which do not require the labeling of fluorophore have been 
introduced. For instance, researchers have shown the feasibility of using optical 
devices such as surface plasmon resonance (SPR), ellipsometry, electrochemical 
devices or weight sensitive devices such as quartz crystal microbalance (QCM) to 
detect the DNA targets on solid surfaces (Wang 2000). However, these methods are 
not compatible with DNA microarray because they are not suitable for high 
throughput analysis. These methods also require additional instrumentation which is 
bulky and not feasible for point-of-care testing. 
 
During the past decade, liquid crystals (LCs) have emerged as a new detection 
method which does not require any labeling or bulky instrumentation. The detection 
method is simple and straightforward which makes it feasible for point-of-care testing. 
Besides, LCs can be applied on glass slide which makes it compatible with DNA 
microarray for high throughput analysis. Researchers have shown that LCs can be 
used to report DNA hybridization and other biomolecular binding events at the solid-
LC interface or aqueous-LC interface (Bi et al. 2007; Bi and Yang 2007; Brake and 
Abbott 2002; Brake et al. 2003a; Clare and Abbott 2005; Gupta et al. 1998; Kim and 
Abbott 2001; Kim et al. 2000; Shah and Abbott 1999, 2001; Skaife et al. 2001; 
Tingey et al. 2004; Xue and Yang 2008; Yang et al. 2004, 2005). The detection 
principle of LCs is based upon the orientational change of the interfacial LCs by the 
molecules (such as surfactants) or biomolecules (such as proteins) at the interface. 
Because LC molecules can communicate their orientations to regions up to one 





of interfacial LCs can be amplified, and that eventually causes an orientational 
transition in the bulk. The reorganisation of the LC molecules is also accompanied by 
changes in its optical appearance, which is visible to the naked eye, due to the 
birefringent property of LCs.  
 
For instance, in a work carried out by Kim et al., they studied the interactions 
of LCs with ssDNA and dsDNA and found that LCs supported on solid surfaces 
decorated with ssDNA appear dark while LCs supported on solid surfaces decorated 
with dsDNA appear bright (Kim et al. 2005). Despite the promise of their method in 
differentiating ssDNA and dsDNA, they do not test the specificity of their detection 
method. On the other hand, Price and Schwartz utilized an LC-aqueous interface to 
study DNA hybridization (Price and Schwartz 2008). In this system, ssDNA adsorbed 
on the surfactant-laden interface caused LCs to appear bright under crossed polars. 
After the addition of complementary DNA targets to the aqueous solution and the 
formation of dsDNA, some dark domains in the LCs were observed. The method is 
capable of discriminating 1-base pair mismatch DNA targets at very low 
concentration (≈50 fmol), but it is not compatible with high throughput DNA 
microarray technology because of the lack of a solid surface in this design and only 
eight samples can be tested each time. Besides, due to the fast response of optical 
image of LC, high throughput detection using crossed polarized microscope for this 







1.2 Research Objectives 
 
In view of the issues regarding to DNA target detection as discussed above, the 
research objectives are stated as follow.  
 
1) Development of Protocol for DNA Microarray Fabrication 
The first part of this thesis is to focus on the development of protocol for DNA 
microarray, i.e. from immobilization to hybridization. A protocol is required 
such that the optimized conditions can be set up to fabricate our in-house 
DNA microarray. Besides, we aim to study the effect of immobilization and 
hybridization conditions on the density of DNA probes and DNA 
hybridization efficiency. In this work, glass surfaces will be modified with 
aldehyde terminated silane before amine-labeled DNA probes are immobilized. 
Several immobilization conditions such as the concentration of DNA probes 
and salt (MgCl2), and the immobilization time will be studied in order to 
obtain optimum conditions to fabricate the DNA microarray. The performance 
of the developed DNA microarray, in terms of sensitivity in detecting DNA 
targets and specificity in discriminating single-base mismatch targets, will also 






2) Enhance the Fluorescence Intensity of DNA Microarray by using Cationic 
Surfactants 
Fluorescence detection used in most conventional DNA microarray is always 
limited by its sensitivity. In this work, we will use a cationic surfactant, cetyl 
trimethylammonium bromide (CTAB), to enhance the fluorescence intensity 
of 6-carboxy-fluorescene (FAM)-labeled DNA probes. The study will be 
carried out both in aqueous solutions and on solid surfaces. Besides, FAM-
labeled DNA targets (perfect-match and single-mismatch) will be hybridized 
to the DNA probes on solid surface and treated with CTAB solution to study 
the enhancement performance. 
 
3) Assess the Quality of DNA Microarray by using Liquid Crystals 
The application of DNA microarray in SNPs or gene expression analysis 
requires the use of DNA microarray which possesses a high density of ssDNA 
probes with good spot homogeneity. However, current DNA microarray 
technology still falls short of it (Campo and Bruce 2005; Heise and Bier 2006; 
Schaferling and Nagl 2006). For example, evaporation of buffer solution, 
which leads to a higher concentration of oligonucleotides at the edge of each 
spot (Campo and Bruce 2005), causes an inhomogeneous distribution of 
ssDNA probes. In fact, this inhomogeneous distribution and other defects on 
DNA microarray need to be identified in order to preserve the accuracy of data 
interpretation. In this work, we will use LCs as a label-free method to image 
the immobilized ssDNA probes on solid surface. This is started by designing a 





same time orient LCs in homeotropic anchoring. Different concentrations of 
ssDNA probes will be immobilized on this surface to study the effect of the 
surface density of ssDNA probes on the optical image of LCs. This correlation 
will be used to assess the quality of DNA microarray. The results will be 
compared and verified by using the fluorescence technique. 
 
4) Detect the DNA Targets on Solid Surface by using Liquid Crystals 
The previous work studies only the interactions of LCs with ssDNA 
covalently immobilized on the surface but not the interactions of LCs with 
dsDNA. Thus, we will further develop the LC-based method as an analytical 
tool to detect the DNA targets with specific sequence which will be hybridized 
to the solid surface. Because DNA targets from biological samples are not 
labeled, we use LCs to achieve the label-free detection. The developed system 
will be further explored to show the ability to discriminate the complementary 
from the non-complementary DNA strands. 
  
5) Real-Time Detection of DNA Hybridization by using Liquid Crystals 
Despite the advantages of using LCs to detect DNA targets on solid surface 
such as the feasibility for high throughput analysis and label-free detection, the 
long duration of DNA hybridization makes this method not feasible for real-
time detection. Next, we will use a thin layer of self-assembled cholesterol-
labeled DNA probes (Chol-DNA) at the LCs/ aqueous interface to detect the 





cholesterol-labeled DNA probes at the interface and its effect on the optical 
appearance of LCs. After that, the system will be exposed to complementary 
and 1- or 2-base mismatch DNA targets and the DNA hybridization will be 
reported by observing the changes to the optical appearance of LCs. This 
system is foreseen to provide a principle for label-free and real-time detection 














2.1 Deoxyribonucleic Acids (DNA) 
 
The discovery of deoxyribonucleic acids (DNA) and its function have had a 
tremendous impact on the medicine and genetic research. Genomic information is 
contained in DNA via the specific order of four genetic units known as nucleotides 
(Anderson 1999; Drlica 2003; Heise and Bier 2006). Each nucleotide is composed of 
three parts: a sugar ring, a phosphate group and a base (Figure 2.1). Sugars and 
negatively-charged phosphate groups are joined alternatively to form the backbone of 
DNA strand. The bases are attached to the sugars and located between the backbones 
of the DNA strands. The bases come in four varieties: Adenine (A), Thymine (T), 
Guanine (G) and Cytosine (C) (Figure 2.2). Two strands of DNA can be held together 
in helical structure and stabilized by complementary base pairing among the bases, in 
which T binds only to A and C binds only to G (Figure 2.3) through the hydrogen 
bonding. This process is known as DNA hybridization and it has both scientific and 





(Abravaya et al. 2003; Anderson 1999; Antony and Subramaniam 2001; Lockhart and 
Winzeler 2000; Wang 2000). 
 
 
Figure 2.1. Structure of DNA molecule which composes of a sugar ring, a phosphate 




Figure 2.2. Base components of DNA.  
Adenine (A) Guanine (G) 







Figure 2.3. (A) Base pairing in DNA. T pairs with A and C pairs with G. (B) The 
principle of hybridization for two single-stranded DNA (Vo-Dinh and Cullum 2000). 
 
The stability of the DNA double helix structure is greatly affected by pH, 
temperature and ionic strength. At high pH (pH >11), the negative charges on the 
backbone of DNA repel each other and cause the DNA double helix to denature. Low 
pH (pH <3) breaks down the purine bases, Adenine (A) and Guanine (G), and causes 
the DNA double helix to dissociate. On the other hand, when the DNA solution is 
heated to its melting temperature, DNA double helix will start to denature and stay as 
ssDNA. The stability of the DNA double helix also increases with the ionic strength 
where the cations of the salt screen the negative charges of DNA strands to prevent 
them from repelling each others.  
 
Thymine (T) Adenine (A) 








There are many applications of DNA hybridization and they are categorized 
into homogeneous hybridization (or solution hybridization) and heterogeneous 
hybridization (using DNA microarrays). 
 
 
2.2 Solution Hybridization 
 
Solution hybridization is carried out in aqueous phase which is favorable for two 
complementary ssDNA strands to form DNA duplex. Conditions such as temperature, 
salt concentration and DNA fragment length affect the rate of duplex formation and 
the time to completion. The formation of DNA duplexes can be detected by 
measuring the ultraviolet absorbance at 260 nm. Single-stranded DNA absorbs UV 
light at 260 nm and the absorption decreases when DNA duplexes are formed 
(hypochromic effect) (Gao et al. 2006). 
 
However, when the concentration of DNA duplexes concentration is too low 
and not measurable by UV spectrometry, an alternative method such as fluorescence 
method can be used (Nicklas and Buel 2003). The most popular fluorescence dyes 
used for the detection of DNA duplexes are ethidium bromide (EtBr) and SYBR 
Green. When these molecules are intercalated with DNA duplexes, their fluorescence 
emission increases. However, using EtBr and SYBR Green poses several 






To solve the problem of low amount of DNA target, polymerase chain 
reaction (PCR) is often used to amplify the small quantities of single-stranded DNA 
such that the detection of DNA duplexes can be more accurate. The amplification of 
the identified DNA sequence starts with a template and a pair of primers. The PCR 
procedure includes  
a) Denaturation: to break the hydrogen bonding between the DNA duplex to 
yield single-stranded DNA.   
b) Annealing: to bring the primers near the single-stranded DNA template and 
allow the polymerase to bind to the primer/ template duplex. 
c) Extension: to allow the polymerase to synthesize a new DNA strand 
complement to the DNA template by using the dNTPs in the solutions.  
 
The cycle is repeated and the amplified products are then detected either by 
using agarose gel electrophoresis or Southern blot (Bally et al. 2006; Vo-Dinh and 
Cullum 2000; Wang 2000). Alternatively, real-time PCR can be used to 
simultaneously amplify and analyze the PCR products. The detection and analysis are 
carried out by incorporating fluorescent dyes in the amplification step and detecting 
the change in the fluorescence signal along the amplification process. For example, a 
popular approach uses TaqMan probes which hybridize to the template before the 
extension and amplification steps (Oberst et al. 1998). TaqMan probes carry a 
quencher and fluorophore at two ends where the fluorescence signal is quenched due 





hydrolyzed by Taq DNA polymerase and this separates the fluorophore from the 




Figure 2.4. A schematic illustration of TaqMan probe chemistry. (A) DNA template, 
primers and TaqMan probes which carry a quencher and fluorophore at two ends are 
added to real-time PCR machine and denatured. (B) During the annealing process, 
primers and TaqMan hybridize to the template. The fluorescence signal of TaqMan 
probes is quenched due to the close proximity to the quencher. (C) During the 
extension process, the TaqMan probes are hydrolyzed by Taq DNA polymerase and 
this separates the fluorophore from the quencher to restore the fluorescence signals. 
 
This technique is further utilized by Tyagi et al. where they attach a quencher 















beacon) (Figure 2.5). The stems hybridize to each other which bring the quencher and 
fluorophore close to quench the fluorescence signal. When the identified DNA targets 
are amplified, it hybridizes to the stem-loop DNA probes. The hybridization opens the 
stems and separates the quencher and fluorophore to give the fluorescence signals 
(Tyagi and Kramer 1996). Stem-loop structured DNA probes are superior to linear 
DNA probes due to their enhanced specificity in discriminating single nucleotide 
polymorphisms (SNPs) (Tyagi et al. 1998). 
 
 
Figure 2.5. A schematic illustration of the working principles of a molecular beacon. 
(A) Before the hybridization, the molecular beacon maintains its stem-loop structure 
which leads to the quenching of the fluorophore. (B) When the molecular beacon is 
hybridized to its complementary target, the stems are opened to separate the quencher 















The fluorescent-based real-time PCR system speeds up the DNA detection 
process. However, there are several limitations encountered by the current PCR-based 
detection method. For example, PCR is restricted by the length of the product 
amplified. When longer product is amplified, more non-specific products are 
produced and this will lower the efficiency of PCR detection. Great care needs to be 
taken during PCR preparation because the introduction of any extraneous DNA may 
be amplified and affect the readings. Real-time PCR is also restricted by the number 




2.3 DNA Hybridization on DNA Microarrays 
 
DNA hybridization on microarray is preferred over solution hybridization because of 
its potential to detect multiple DNA targets at one time. DNA microarrays are 
assemblies of DNA probes with different sequences on a solid surface. Generally, the 
fabrication of DNA microarray involves the immobilization of the DNA probes on the 
solid surface through a photolithography technique or by bringing the DNA probes 
solution to the specific location on the surface with a spotting machine (Del Campo 
and Bruce 2005; Sassolas et al. 2008; Stoughton 2005). The spotting technology 
utilizes piezoelectric, bubble-generated or microsolenoid driven pipettes (Heise and 
Bier 2006) (Figure 2.6). Using this technique, microarrays consisting of more than 10 
000 features/cm
2








Figure 2.6. Examples of spotting tools: (A) Bubble ink-jet technology utilizes a 
heating coil to heat the loaded sample. The heated sample experiences expansion and 
changes in viscosity, leading to the jettison of a droplet from the nozzle. (B) 
Microsolenoid technology: A microsolenoid valve which is fitted to an ink-jet nozzle 
is transiently actuated by electric pulse to open the channel and dispense a droplet of 
sample. (C) Piezo ink-jet technology: A piezoelectric transducer which is fitted 
around a flexible capillary confers the piezoelectric effect by an electric pulse. The 
electric pulse generates a pressure wave inside the capillary to dispense a small 
volume of loaded sample (Heise and Bier 2006). 
 
DNA microarrays have been used extensively in the identification and 
detection of SNPs and gene expression analysis (Beaudet and Belmont 2008; Heller 
2002; Kurian et al. 1999; Lockhart and Winzeler 2000; Pirrung 2002; Stears et al. 
2003; Stoughton 2005). SNPs analysis is important in the identification of alleles or 
mutations in gene which can cause diseases. For instance, BRCA1 is a tumor 
suppressor gene which produces protein to repair the damage DNA. Any mutations in 
the BRCA1 gene will lead to the increased risk of breast cancer. Gene expression 
profile analysis plays a vital role in identifying which genes are expressed under 
certain environment and to what level they are expressed. 
 





2.3.1 Selection of Substrate 
 
The fabrication of a DNA microarray starts with the selection of substrate as a 
platform. The selection of a suitable substrate is important in developing a DNA 
microarray for high performance. Generally, a DNA microarray substrate needs to 
have a stable, homogeneous and planar surface in order to exhibit reproducible results. 
Numerous substrates, such as glass slides, plastic surfaces, crystalline silicon surfaces 
and polymer materials have been studied in recent years.  
 
Liu and Rauch immobilized DNA on different types of plastic surfaces i.e. 
polystyrene, polycarbonate, poly(methylmethacrylate), and polypropylene (Liu and 
Rauch 2003). Different procedures were studied to investigate the immobilization and 
hybridization performance on the plastics tested. Besides, crystalline silicon surfaces 
have been used to fabricate DNA microarrays due to their semiconducting properties 
in detecting the binding of DNA targets to the immobilized DNA probes (Lin et al. 
2002). The hydrogen terminus on this surface enables direct bonding with Si-C 
chemistry to form a well-defined organic film. The homogeneity and uniformity of 
crystalline silicon surfaces also make this type of surface an ideal candidate for 
fabricating DNA microarrays (Cattaruzza et al. 2006).  
 
Glass slides are normally chosen as the solid surface for the fabrication of 
DNA microarray due to several advantages (Cheung et al. 1999; Del Campo and 





glass slides can be easily modified with organosilanes with reactive functional groups 
to enable the covalent immobilization of DNA probes. Second, glass slides can 
sustain high temperatures, high ionic strength conditions and are inert to chemicals. 
Third, glass slides are optically transparent and have low background fluorescence. 
Forth, glass slides are non-porous and this enhances the hybridization of DNA targets 
to their probes and thus reduces the DNA targets volume needed.  
 
 
2.3.2 DNA Immobilization Strategies 
 
Different strategies have been reported to immobilize DNA probes on a solid surface 
(Belosludtsev et al. 2001; Del Campo and Bruce 2005; Gao et al. 2007; Heise and 
Bier 2006; Larsson et al. 2003; Smith et al. 2005; Zammatteo et al. 2000). They are 
grouped into non-covalent immobilization, covalent immobilization and affinity 
immobilization strategies.  
 
In non-covalent immobilization, interactions between the negatively charged 
DNA and positively charged surfaces are often employed (Figure 2.7). For example, 
Lemeshko et al. prepared an amino-silanized solid surface for the adsorption of DNA 
probes and they reported that DNA probes form a dense monolayer on the surface 
(6.21 molecules/ cm
2
 for 24-mer DNA probes) (Lemeshko et al. 2001). This method 
is convenient because it does not require the labeling of the DNA probes. Another 





membrane or nylon. These porous structures enable high density of DNA probes 
immobilization and consequently high signal intensities. Even though non-covalent 
immobilization offers high immobilization capability, it also causes the non-specific 
adsorption of DNA probes to the background and consequently leads to high 
background signals which could affect the readings (Fuentes et al. 2004). In addition, 
non-covalent immobilization often leads to the loss of DNA probes during the 
stringent washing steps (Beier and Hoheisel 1999; Zammatteo et al. 2000). 
 
 
Figure 2.7. Non-covalent immobilization of DNA probes onto positively-charged 
surfaces through electrostatic interactions (Heise and Bier 2006).  
 
Covalent immobilization normally utilizes an individually synthesized DNA 
probe that is labeled with a functional group at its terminal to react with an activated 
solid surface. Different immobilization chemistries have been exploited for DNA 
immobilization (Figure 2.8). For example, NH2-labeled DNA can be immobilized on 
an aldehyde, carboxylic acid, epoxy or isothiocyanate-decorated surface or via a 
linker such as disuccinimidyl carbonate, while thiolated DNA can be immobilized on 
a 3-mercaptopropyl silanated surface (Cheung et al. 2003; Chrisey et al. 1996; Heise 





Covalent immobilization is better than non-covalent immobilization because it 
prevents the DNA probes from being removed during the washing steps. Besides, the 
terminal anchoring of DNA probes facilitates the upright position of the probes for 
better capturing of DNA targets.  
 
In the affinity immobilization strategy, a biotin-streptavidin system is often 
used because these biomolecules bind strongly to each other and they are both 
biocompatible (Lapin and Chabal 2009; Larsson et al. 2003; Smith et al. 2005; 
Wacker et al. 2004). For example, streptavidin can be coated on a solid surface to 
capture biotinylated DNA probes (Figure 2.9). Even though the strength of biotin-
streptavidin binding is comparable to covalent binding, this method can cause the 
streptavidin to be denatured and lost its functionality over the course of microarray 
fabrication (Wacker et al. 2004). Besides, the non-uniform distribution of proteins on 
the surface can also affect the capturing and orientation of DNA probes on the surface. 
Several studies have been conducted by modifying surfaces with biotin layer first 
prior capturing streptavidin-labeled DNA to give a well-ordered DNA probe assembly 










Figure 2.8. Commonly used covalent immobilization chemistries for DNA probes. (A) 
aldehyde-amine chemistry, (B) epoxide-amine chemistry, (C) amine-disuccinimidyl 

























































































































Figure 2.9. Schematic illustration of affinity immobilization using a biotin-
streptavidin conjugate. Streptavidin is first immobilized or adsorbed onto the solid 
surface to form a platform to capture the biotin-labeled DNA probes.  
 
Several parameters, including concentration of DNA probes, concentration of 
salt, pH and immobilization time, affect the immobilization of DNA probes on solid 
surfaces (Peterson et al. 2001; Zhao et al. 2007). The immobilization rate increases 
with the concentration of DNA probes used until a threshold value where the surface 
is saturated due to steric crowding among the DNA probes. At low salt concentration, 
the immobilization rate is slow due to electrostatic repulsions between the negatively-
charged DNA probes and between DNA probes and the solid surface. The 
immobilization rate can be increased by increasing salt concentration, which screens 
out the charges and reduces the repulsions. At high pH (pH >11), the negative charges 
on the backbone of DNA repel each other and decrease the immobilization rate. 
However, low pH (pH <3) breaks down the purine bases, Adenine (A) and Guanine 
(G). By increasing immobilization time, DNA probes are given enough time to 










2.3.4 DNA Hybridization 
 
After DNA probes are firmly immobilized on the solid surface, the platform is ready 
for DNA hybridization and DNA target sequence analysis. During the DNA 
hybridization, DNA targets hybridize to the DNA probes under conditions that favor 
the pairing of complementary sequences. Complementary DNA targets bind to their 
probes whilst non-complementary DNA targets are removed during the washing 
procedure. The reporting signals at specific locations are then recorded and compared 
to a database.  
 
Several parameters such as hybridization temperature, salt concentration and 
DNA target length affect the DNA hybridization process. At low hybridization 
temperature, the formation of DNA duplex progresses very slowly. With increasing 
temperature, the duplex formation rate is enhanced until it reaches the melting 
temperature of DNA duplex. At low salt concentration, two complementary DNA 
probe and target experience electrostatic repulsions due to the negative charges of the 
DNA strands. However, when the negative charges are screened by using high 
concentrations of salt, the DNA duplex formation rate can be enhanced. The rate of 
hybridization can also be enhanced by increasing the concentration of DNA targets 
used. Finally, the presence of mismatch base on DNA targets makes it less stable to 






To prepare an environment suitable for the DNA duplex formation, the 
composition of hybridization solution is very important. For DNA hybridization, 
hybridization solution normally contains high concentration of salt and surfactant 
such as SDS. SDS is normally used because it has the RNase inhibiting properties and 
its surfactant property can wash away any un-immobilized DNA probes and occupy 
the areas surrounding DNA probes to prevent DNA targets from binding to the 
surface . Sometimes, blocking agent is added in the hybridization buffer to prevent the 
non-specific adsorption of DNA targets on the surface. Non-specific adsorption of 
DNA targets on the DNA microarray during the hybridization process increases the 
background signal. Higher background signal can cause problems in discriminating 
actual spot signals from the background signal. 
 
After the DNA hybridization, the DNA microarray is washed extensively with 
washing buffer. A stringent washing procedure can help remove the non-specific 
adsorbed DNA targets and discriminate mismatched DNA duplexes. Washing 
solution also contains salt and surfactant (normally SDS). The stringency of the 








2.4 Detection of DNA Targets on DNA Microarrays 
 
To detect the DNA targets hybridized on DNA microarray, various types of optical 
detection methods have been widely used (Bally et al. 2006; Vo-Dinh and Cullum 
2000; Wang 2000). Optical detection of DNA targets by using fluorescent dyes is a 
well-established method. Fluorescent dyes are used because they exhibit defined 
absorption and emission spectra. Besides, these molecules can be incorporated in 
DNA efficiently via PCR or chemical reactions (Bally et al. 2006). For instance, 
Cyanine 3 (Cy3) and Cyanine 5 (Cy5) are commonly used as dual label fluorescence 
dyes for microarray analysis. In addition, Alexa Fluor dyes which are more 
photostable and less pH-sensitive are also used in DNA microarray analysis (Cox et al. 
2004; Staal et al. 2005).  
 
However, there are several limitations associated with fluorescent dyes. First, 
fluorescent dyes can falsify results due to photobleaching or quenching effects. 
Second, tagging DNA with fluorescent dyes requires additional working steps which 
may affect the chemical properties of DNA. Third, the broad emission spectra of 







2.5 Peptide Nucleic Acids (PNA) 
 
Peptide nucleic acids (PNA) are a DNA-mimic structure (Figure 2.10) which can bind 
to DNA to form the PNA/ DNA duplex. PNA is synthesized by replacing the 
negatively charged phosphate backbone by a neutral pseudo-peptide backbone 
(Arlinghaus and Kwoka 1997; Nielsen and Egholm 1999). Since the debut of PNA 
nearly 20 years ago, researchers have exploited the possibilities of using PNA as 
probes to capture DNA targets because PNA has superior properties compared to 
common DNA probes (Brandt and Hoheisel 2004; Burgener et al. 2000; Demidov 
2002; Demidov et al. 1994; Macanovic et al. 2004; Nielsen 1999; Raymond et al. 
2005; Wang 1999; Wang et al. 1997). For example, PNA probes have better 
specificity in discriminating single-base mismatched DNA targets as compared to 
DNA probes (Geiger et al. 1998; Igloi 1998). The neutral backbone of PNA has also 
enabled the DNA target hybridization to be carried out in a low-salt condition because 
of the reduced in the electrostatic repulsion between PNA and DNA targets duplex. 
Besides, PNA is resistant to enzymatic degradation and has excellent biological and 
chemical stability when subjected to conditions which common DNA cannot 
withstand. 
 
Geiger et al. prepared a PNA array to detect DNA targets and the study shows 
that PNA probes were able to discriminate single-base mismatched DNA targets from 
the perfect match DNA targets under a low salt condition (Geiger et al. 1998). The 
study was repeated with DNA probes and it was shown that PNA probes exhibited 





contribute to the stability of PNA/DNA duplexes at a low salt condition. In addition, 
the better selectivity of PNA probes in discriminating single-base mismatched from 
the perfect match DNA targets is probably due to the larger local distortion of 




Figure 2.10. The schematic illustration of the backbone structure of PNA and DNA 
(Arlinghaus and Kwoka 1997). 
 
The neutral backbone of PNA also has additional advantage in the 
construction of biosensors. Macanovic et al. develop an electrochemical approach to 
detect the DNA targets hybridized to the PNA array (Macanovic et al. 2004). Before 
the addition of DNA targets, the device does not record any change in the impedance 
measurements. However, the device shifts to a more negative potential upon the 





sensing surface. Finally, instead of utilizing the neutral property of PNA for 
electrochemical detection, Raymond et al. used a fluorescent cationic polymer, which 
binds specifically to DNA targets but not PNA, to report the PNA/ DNA duplexes on 
a solid surface (Figure 2.11) (Raymond et al. 2005). This method is direct and is 
shown to be specific in discriminating SNPs. 
 
 
Figure 2.11. A PNA array before and after hybridizing with DNA targets (green) and 
contacting with fluorescent cationic polymer (yellow). Figures below show the 
fluorescence images of the single-stranded PNA (left) and PNA/ DNA/ cationic 







2.6 Liquid Crystals (LCs)  
 
Liquid crystals (LCs) are generally grouped into two categories: thermotropic LCs 
and lyotropic LCs. The orientations of thermotropic LCs are affected by changes in 
temperature, while the orientations of lyotropic LCs are affected by changes in 
concentration of the compound with respect to the surrounding solvent. In this work, 
we use only thermotropic LCs and thus our discussion will focus this type of LCs. 
 
 
2.6.1 Thermotropic Liquid Crystals 
 
Matter exists in three phases: solid, liquid, and gas. A single phase transition from 
solid to liquid phase or liquid to gas phase can occur at a precise temperature. 
However, there is certain matter which does not possess a single phase transition from 
solid to liquid. In fact, they show one or more intermediate phases. These phases are 
called liquid crystals phases, or mesomorphic phases (mesophases) (Collings 2002; 
Demus 1994). Crystalline solid molecules exhibit a long-range orientational and 
positional order of molecules (Figure 2.12). When the temperature is increased, the 







Figure 2.12. Phase transition of liquid crystal materials from solid, liquid crystal and 
then isotropic liquid when temperature is increased. In the crystalline solid phase, 
molecules possess positional and orientational order. When the solid is melted to 
liquid (isotropic liquid phase), molecules lose both positional and orientational orders. 
In the liquid crystal phase, molecules lose their positional order but maintain the 
orientational order. 
 
At the liquid crystal phase, molecules lose their positional order but maintain 
certain orientational order. When the temperature is increased further, LCs will melt 
to isotropic liquid (Figure 2.12). LCs possess a higher intermolecular and 
intramolecular mobility than solids and a higher state of order than isotropic liquids. 
LCs have several degrees of freedom of molecular rotation, translation, oscillation, 
and intramolecular conformational changes. 
 
LCs do not exhibit any positional order but they possess certain degree of 
orientational order. The molecules are more likely to point in one direction than other 














Figure 2.13. The arrow shows the director, n, the preferred orientation direction of 
LCs molecules. θ is the angle of a molecule makes with the director. 
 
Liquid crystal phases can be further divided into the following categories: 
a) Nematic phase – the most liquid-like structure in which, contrary to isotropic 
liquids, one or two molecule axes are oriented parallel to one another, 
resulting in an orientational long-range order; 
b) Smectic phase – layer structures with many possibilities of the state of order 
inside the layers and different possibilities of mutual arrangement of the layers, 
showing long-range orientational and more or less positional order; 
c) Cubic phase – structures with micellar lattice units or complicated interwoven 
networks; 
d) Columnar phase – structures with columns consisting of parallel disc-like 
molecules. 
 
Many compounds exhibit one liquid crystal phase while some compounds may 







appears only as a nematic phase between 118°C and 135°C while 4-n-
pentylbenzenethio-4’-n decyloxybenzoate appears as a smectic phase between 60°C 
and 80°C and nematic phase between 80°C and 86°C (Collings 2002; Demus 1994). 
 
Thermotropic LCs can generally be formed by calamitic (rod-like), discotic 
(disc-like), and sanidic (board-like) molecules (Figure 2.14). 4-pentyl-4’-
cyanobiphenyl (5CB) is a calamitic molecule (Figure 2.15). It can form a nematic LC 
phase between 24°C and 35°C. 5CB is known to have approximate dimensions of 
20Å in length and 5Å in width (Musikant 1990).  
 
 




Figure 2.15. Molecular structure of 5CB. 
 





2.7 Interactions of LCs with Light  
 
Natural sunlight or other forms of light consist of electric and magnetic fields that are 
perpendicular to each other (Collings 2002). Both fields vibrate in perpendicular 
planes with respect to the direction of wave propagation. As shown in Figure 2.16, 
when unpolarized light enters the polarizer on the left, the light is linearly polarized in 
the direction indicated by the arrow (labeled on the polarizer). Next, the polarized 
light travels through the analyzer, which allows only light waves that are parallel to 
the analyzer polarization position (labeled on the analyzer) to pass. Since there is no 
light polarized along the analyzer polarization position, the wave passing through the 
polarizer is subsequently blocked by the analyzer and no light is observed. The 
concept of using two polarizers which are oriented at right angles with respect to each 




Figure 2.16. The effect of a crossed polarizer and analyzer on the incoming light 
source (Collings 2002).  
 
LCs are anisotropic materials and thus light polarized parallel to the director of 
LCs has a different velocity from the light polarized perpendicular to the director of 










LCs. This phenomenon is known as double refraction or birefringence. If we consider 
the case in which LCs are in homeotropic orientations or uniformly planar 
orientations, all the light emerging from the first polarizer is polarized along this one 
direction of LCs at one velocity and emerges along the same direction. When the 
emerging light is extinguished by the second polarizer, LCs appear dark under the 
crossed polarizers. On the other hand, when LCs, in their tilted or randomly planar 
orientations, are placed between the crossed polarizers, polarized light emerging from 
the first polarizer can be decomposed into component parallel to the director and 
component perpendicular to the director which have zero phase differences. When 
passing through the LCs which possess a tilted orientation, the two decomposed 
components propagate at different velocities and get out of phase. Thus, some light 
will emerge from the second polarizer.  
 
 
2.8 Orientations of LCs at Interfaces 
 
There are many factors which can affect the orientational order of LC molecules at 
interfaces (i.e. solid-LC interface or aqueous-LC interface) and we will discuss this in 
detailed in section 2.9. Generally, there are three main types of LC orientations at 
interface: homeotropic, planar (either uniformly or randomly) and tilted orientations. 
When LCs are oriented homeotropically, the director of LCs is pointing perpendicular 
to the surface (Figure 2.17A). When LCs are in uniformly planar orientations, the 





2.17B). There is another condition in which LCs are in randomly planar orientations 
and the director is pointing to arbitrary directions. In the case of tilted orientations, the 
director is pointing to one direction to the surface (Figure 2.17C). These orientations 




Figure 2.17. Types of orientations of LCs at interface: (A) homeotropic; (B) 












2.9 Factors Affecting the Orientations of LCs at Interfaces  
 
Several factors affecting the orientations of LCs at interface have been reported in 
past studies. These studies have shown that when the interface properties are changed, 
the orientations of interfacial LCs molecules are changed. This minute change of LC 
orientations can be amplified and causes an orientational transition in the bulk of LCs 
because LC molecules can communicate their orientations to regions up to one 
hundred micrometers away (Gupta et al. 1998). The transition and reorganisation of 
the LC molecules are accompanied by a change in its optical appearance, which is 
visible to the naked eye, due to the birefringence of LCs.  
 
 
2.9.1 Solid-LC Interfaces 
 
The orientations of LCs supported on solid surfaces are easily affected by surface 
properties (Bi et al. 2007; Bi and Yang 2007; Brake et al. 2003a; Chiou and Chen 
2006; Chiou et al. 2006; Clare and Abbott 2005; Gupta and Abbott 1996a, b, 1997; 
Gupta et al. 1998; Kahn 1973; Kim and Abbott 2001; Kim et al. 2000; Luk and 
Abbott 2003; Luk et al. 2003; Ponti et al. 2004; Price and Schwartz 2006; Shah and 
Abbott 1999, 2001; Skaife et al. 2001; Tingey et al. 2004; Xue and Yang 2008; Yang 
et al. 2004, 2005). These include the chemical properties of the surface, surface 
roughness (caused by mechanical rubbing or microgroove structures), angle of 





by chemical or biological binding events. To examine the orientations of LCs at solid 
interfaces (Figure 2.18), an LC cell is fabricated by preparing two glass slides. One 
slide is chemically or physically modified, and the other slide is coated with 
organosilanes which cause homeotropic orientations of LCs. The two slides are 
sandwiched with two strips of spacer (~6 μm) and two binder clips. LCs are drawn 
into the cavity formed between the two glass slides through capillary force. 
 
 
Figure 2.18. An illustration of the experimental setup for a LC cell. Two glass slides, 
one the analytical slide and the other a reference slide, are sandwiched and separated 
by two strips of spacer. The cell is secured with two binder clips. LCs are drawn into 
the cavity formed between the two solid surfaces through capillary force. 
 
Two different approaches have been employed to control the orientations of 





















2.9.1.1 Controlling the Orientations of LCs with Surface Chemical Functionality 
 
Kahn prepared solid surface with two different types of silane, i.e. N,N-dimethyl-N-
octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP) and N-methyl-3-
aminopropyltrimethoxysilane (MAP) (Kahn 1973). DMOAP coated on the solid 
surface has its hydrocarbon chain aligned perpendicularly to the surface and thus the 
LCs anchored on it will be oriented perpendicular to the surface. On the other hand, 
the hydrocarbon chain of MAP is believed to align parallel to the surface which 
directs the parallel orientations of LCs. This work shows that the chemical properties 
of a surface affect the orientations of LCs at the solid-LC interface. Other materials 
such as surfactants, which possess a polar headgroup and a hydrophobic tail, can be 
coated on solid surfaces to induce homeotropic orientations of LCs (Dierking 2003; 
Ponti et al. 2004). 
 
In another study, Gupta and Abbott coated single-component alkanethiols self-
assembled monolayers (SAMs) and mixed SAMs (with different lengths) on gold 
surfaces. They reported that single-component SAMs caused LCs to be oriented in 
near-planar orientations while mixed SAMs caused LCs to be oriented in homeotropic 
orientations (Gupta and Abbott 1996b). This presents another technique by forming 







2.9.1.2 Controlling the Orientations of LCs by Surface Topography 
 
This principle was later applied to design surfaces for patterned alignment of LCs on 
planar and curved substrates (Gupta and Abbott 1997). Gupta et al. and Clare et al. 
prepared surfaces from thin films of polycrystalline gold which exhibited nanometer-
scale topographies to uniformly orientate LCs (Clare and Abbott 2005; Gupta et al. 
1998). The same principle was also employed by Luk et al. in which they 
immobilized His-tag MEK on mixed monolayers presenting nitrilotriacetic acid and 
tri(ethylene glycol) on obliquely deposited gold films (Luk et al. 2003). 
 
Chiou and co-workers created a microgroove structure on a polymer modified 
surface. When LCs are applied on this structured surface, LC molecules are found to 
align along the direction of the groove with no tilted angle. They also report that by 
changing the hydrophobic property of the surface and the dimension of the groove, 
the tilted angle of LCs along the groove can be adjusted (Chiou and Chen 2006; 
Chiou et al. 2006).  
 
Kim and co-workers prepared a protein film by covalently immobilizing 
bovine serum albumin (BSA) on glass slide. By rubbing the surface with a cloth, an 
anisotropic structure is formed on the surface. The rubbed surface is found to orientate 






2.9.2 Aqueous-LC Interfaces 
 
The orientations of LCs at the aqueous-LC interface are affected by the interfacial 
properties (Brake et al. 2003a; Brake et al. 2003b; Gupta and Abbott 2009; Hartono et 
al. 2008; Hartono et al. 2009a; Hartono et al. 2009c; Kinsinger et al. 2010; Lin et al. 
2009; Lockwood et al. 2005; Lockwood et al. 2008; Park and Abbott 2008). Because 
LCs and water are immiscible, it is possible to create an aqueous-LC interface to 
study molecular interactions at this interface. To form an aqueous-LC interface, an LC 
optical cell is prepared (Figure 2.19).  
 
 
Figure 2.19. An illustration of the experimental setup for an LC optical cell 
(Lockwood et al. 2008). A TEM grid is placed on the surface of a silane-coated glass 
slide. LCs are then deposited onto the grid with a capillary tube. The whole setup is 







Abbott’s group studied effects of different surfactants (adsorb at the aqueous-
LC interface) on the orientations of LCs (Brake et al. 2003b). They found that when 
bolaform structure surfactants are used (such as (11-hydroxyundecyl) 
trimethylammonium bromide (HTAB)), LCs are oriented in planar orientations due to 
the loop configuration of surfactants at the interface. However, when other linear 
surfactants are used (such as CTAB), the tilted orientations of these surfactants at the 
interface cause homeotropic orientations of LCs. These homeotropic orientations 
induced by linear surfactants depend on the concentration used. When a low 
concentration of surfactants is used, LCs assume planar orientations because low 
density of surfactants adsorbed at the interface do not trigger the orientational change 
of LCs. They also report that the change in the orientations of LCs occurs mainly due 
to the interactions between LCs and the hydrocarbon tail but not the headgroup charge 
of the classical surfactants. The same group later studied different types of surfactants 
(anionic and cationic) and the effect of branched tail of surfactants on the orientations 
of LCs (Gupta and Abbott 2009; Lockwood et al. 2005). They also found out that 
when the concentration of linear surfactants is above a threshold, LCs are in 
homeotropic orientations, but at a lower concentration, they are in planar orientations. 
When the aliphatic tail of the surfactant is replaced with branched tail, LCs are in 
planar orientations at all concentrations until the critical micelle concentration. This 
study concluded that the orientations of LCs are largely affected by the interactions 
between LCs and the aliphatic tail of surfactants. The branching and disorder on the 
surfactant tail can change the orientations of LCs dramatically. 
 
The principle above is further shown in the work of Brake and co-workers 





is reported that phospholipids self-assemble at the interface spontaneously and the 
aliphatic chains of phospholipids orientate LC molecules homeotropically. Lin and 
co-workers also decorate the aqueous-LC interface with glycolipids (Lin et al. 2009). 
The self-assembly of glyocolipids at the interface with the aliphatic chains anchored 
in the LCs phase orientate the LCs homeotropically. 
 
Other than using amphiphilic molecules such as surfactants and phospholipids, 
polymers which can lay on the LC/ aqueous interface can also trigger the orientational 
changes of LCs. Kinsinger and co-workers decorate the aqueous-LC interface with 
compressed polymer film with flexible backbones. They report that the polymer film 
orientes LCs in uniform azimuthal orientations. The same direction is observed when 
they replaced the compressed polymer film with uniaxial compressed polymer film 
(Kinsinger et al. 2010).  
 
 
2.10 Applications of LCs as Biological Assays   
 
2.10.1 On Solid-LC Interfaces 
 
As discussed in Section 2.9.1 above, LCs are able to interact with surface anchored 
proteins. When the concentration of proteins exceeds a certain threshold, the 





image will remain dark (Xue and Yang 2008). This provides an important principle to 
use LCs as a tool in the application of biological assays. For instance, Xue et al. 
developed an LC-based immunoassay for detecting antibody in a high-throughput 
manner (Xue et al. 2009). They first immobilize the protein receptors on a surface 
through a microfluidic channel. Because the concentration of the protein receptors 
does not exceed the threshold concentration, LCs anchored on this protein receptors-
coated surface do not show any bright image and remain dark. After flowing through 
both specific and non-specific antibodies over the protein receptors-coated surface, 
only the region where antibodies bind to their specific receptors gives a bright signal 
(Figure 2.20). The non-specific binding remains dark. This study has demonstrated 
that LCs can be used as a label-free and high-throughput diagnostic platform. 
 
 
Figure 2.20. (A) Microfluidic immunoassay for the detection of antibody. bi-BSA 
and IgG proteins were first immobilized on the solid surface in vertical lines and 
followed by the flow of antibodies (anti-biotin and anti-IgG) in horizontal lines. (B) 
The optical image of LC on the surface of (A). LC appear bright in the line-line 
intersections of proteins with and their specific antibodies. When the mixture of 






Although the detection of proteins on solid surfaces by using LCs has been 
demonstrated in many past studies, the detection of DNA by using LCs is still in its 
infancy. In one of the works, Kim and co-workers studied the interactions of LCs with 
single-stranded DNA (ssDNA) immobilized on a solid surface (Kim et al. 2005). 
They found that LCs are orientated homeotropically on ssDNA region because 
ssDNA probes are immobilized in a direction normal to the surface (Figure 2.21A). 
However, after they add the DNA targets to bind with ssDNA on the surface, the 
optical appearance of LCs is changed to bright because the double-stranded (dsDNA) 
disrupted the homeotropic orientations of LCs (Figure 2.21B). 
 
 
Figure 2.21. The optical image of LCs on (A) single-stranded and (B) double-







2.10.2 On Aqueous-LC Interfaces 
 
In addition to examples in the previous session, several studies have been focusing on 
exploiting aqueous-LC interfaces to develop biological assays. The working 
principles are similar to the solid-LC interface where biomolecule receptors (proteins 
or DNA probes) are first anchored on the aqueous-LC interface to induce an 
orientational order of LCs. Biomolecule targets are then added to the aqueous-LC 
system to bind with their specific receptors. This binding can induce the orientational 
change of LCs and is amplified as optical signal.  
  
For instance, Brake and co-workers exposed thin-film of LCs to a 
phospholipid solution and it is reported that phospholipids self-assemble at the 
interface of aqueous-LC spontaneously and orientate LC molecules homeotropically 
(Brake et al. 2005; Brake et al. 2003a). When proteins are added to the system, the 
binding between proteins and phospholipids trigger the re-orientation of LCs which is 
observed by the change of optical appearance of LCs from dark to bright. The same 
principle is also applied in a work done by Park and Abbott where they immobilize 
oligopeptides at the aqueous-LC interface and the multiple points of interaction 
between oligopeptides and LCs cause the tilted orientations of LCs (Park and Abbott 
2008). When enzyme is added to cleave the oligopeptides at the interface, LCs 
experience a change in their orientations from tilted to homeotropic orientations 
(Figure 2.22A and 2.22B). This orientation transition is shown to occur in the 








Figure 2.22. The optical images of LC (A) before and (B) after the interface 
oligopeptides cleaved by enzyme. (C) The optical image of LC remained bright after 
contact with enzyme in the presence of enzyme inhibitor (Park and Abbott 2008). 
 
Apart from protein detection, Price and Schwartz utilize the aqueous-LC 
interface to detect DNA targets (Price and Schwartz 2008). In their system, ssDNA 
adsorbed on the surfactant-laden interface causes LCs to appear bright under crossed 
polars. After the addition of complementary DNA targets to the aqueous solution and 
the formation of dsDNA, some dark domains in the LCs are observed (Figure 2.23). 
This technique is capable of discriminating 1-base pair mismatch DNA targets at a 
very low concentration (≈50 fmol), and the response time is less than 1 minute.  
 
 
Figure 2.23. The optical images of LC before and after DNA hybridization. 
Nucleation and growth of dark domain was observed after the addition of DNA 
targets. 
 





The review above shows that DNA microarrays will continue to be widely 
used as a platform for DNA targets detection. The conventional fluorophore-based 
detection method has always been the top choice in DNA target detection. However, 
the sensitivity and selectivity which are the main challenges for fluorophore-based 
method have driven the fluorophore-free method to be introduced. In this thesis, we 
will experiment with LCs as a fluorophore-free detection tool. Based on previous 
studies, LCs have potential to be developed as a simple, label- and instrument-free 
detection platform. We point out that past studies are mainly focused on detecting 
large molecules such as proteins by using LCs. The detection of DNA by LCs, 
however, is still in its infancy. The main challenge is that the size of DNA is much 
smaller than proteins. Therefore, it is more difficult to disrupt LCs. This challenge 
motivated us to develop an LC-based tool to detect DNA targets. As shown in the 
following chapters, several techniques will be utilized on solid-LC and aqueous-LC 
interfaces in order to develop a tool which can be used not only to detect DNA targets 










DEVELOPMENT OF PROTOCOL FOR DNA IMMOBILIZATION AND 
HYBRIDIZATION ON SOLID SURFACES 
 
 
The first part of this thesis focuses on the development of protocol for DNA 
microarray, i.e. from immobilization to hybridization. A protocol is required such that 
a set of optimized conditions can be obtained to fabricate our in-house DNA 
microarrays. Besides, we studied the effect of several immobilization and 
hybridization parameters on the density of DNA probes and targets on solid surfaces. 
The performance of the developed DNA microarray, in terms of sensitivity and 
specificity in discriminating single-base mismatch targets, were also determined by 











DNA microarray is a solid support with assemblies of immobilized DNA probes with 
different sequences on specific position. Generally, the fabrication and application of 
DNA microarray involve the immobilization of the DNA probes on the solid surface, 
the hybridization of the array with fluorescence-labeled DNA targets and followed by 
the detection of the fluorescence signals (Del Campo and Bruce 2005; Stoughton 
2005). Different strategies, such as affinity coupling, non-covalent coupling or 
covalent coupling, have been reported to immobilize DNA probes on a solid surface 
(Belosludtsev et al. 2001; Del Campo and Bruce 2005; Gao et al. 2007; Heise and 
Bbier 2006; Larsson et al. 2003; Smith et al. 2005; Zammatteo et al. 2000). Covalent 
coupling is a preferred method because stable covalent bonds between DNA probes 
and the surface prevent the removal of DNA probes during the washing steps. 
Covalent coupling works by labeling  an individually synthesized DNA probe with a 
functional group at its terminal and immobilized on an activated solid surface. 
Different immobilization chemistries have been studied. For example, amine-labeled 
DNA probes can be immobilized on an aldehyde, carboxylic acid, epoxy or 
isothiocyanate-decorated surface while thiolated DNA probes can be immobilized on 
a 3-mercaptopropyl silanated surface (Cheung et al. 2003; Heise and Bbier 2006; 
Peelen and Smith 2005; Zammatteo et al. 2000). In this work, we will adopt the 
chemistry of reacting amine-labeled DNA probes with an aldehyde-decorated surface 
because it is a commonly used method for coupling of biomolecules for biosensor 
applications such as proteins which have the amine residues. In addition, amine-
labeled DNA probes are commercially available for synthetic DNA and it can be used 





thiolated DNA probes require (Peelen and Smith 2005). We will study several factors 
that affect the immobilization and hybridization conditions such as the effects of ionic 
strength of buffer. Strategies will also be developed to increase discrimination 
between perfectly matched and single base mismatch DNA targets.  
 
 
3.2 Experimental Section 
 
Materials 
Glass slides were purchased from Fisher Scientific (U.S.A). Sodium 
cyanoborohydride (NaBH3CN) was purchased from Sigma Aldrich (Singapore). 
Sodium dodecyl sulfate (SDS) and 20×SSPE buffer were purchased from 1
st
 Base 
(Singapore). (Triethoxysilyl) butyl aldehyde (TEA) was purchased from United 
Chemical Technologies (U.S.A). DNA used in this study, 5’-Cy3-GTGGC TCGAT 
ATAAT ATGCA AAAGC-NH2-3’ (P1-Cy3), 5’-Cy3-GTGGC TCGAT ATAAT 
ATGCA AAAGC-3’ (P2-Cy3), 5’-NH2-GTGGC TCGAT ATAAT ATGCA 
AAAGC-3’ (P1), 5’-NH2-GTGGC TCGAT ATTAT ATGCA AAAGC-3’ (P3), and 
5’-Cy3-GCTTT TGCAT ATTAT ATCGA GCCAC-3’ (T1-Cy3) were purchased 
from Sigma Aldrich (Singapore). All solvents used in this study were either analytical 







Preparation of Aldehyde-Terminated Surface 
Glass slides were immersed in a 5% Decon-90 solution overnight. After sonicating 
the glass slides for 15 min, they were rinsed with DI water for 10 times and followed 
by sonication in DI water for another 15 min. The cleaned glass slides were dried 
under a stream of nitrogen. Cleaned glass slides were immersed in methanolic 
solution containing 3% (v/v) TEA for 3 hours with constant agitation at room 
temperature. The glass slides were then rinsed with methanol, dried with nitrogen and 
heated in a 100°C vacuum oven for 15 minutes to facilitate the cross-linking of TEA 
molecules. 
 
Immobilization of Amine-Labeled DNA Probes 
Amine-labeled DNA probes were prepared with Tris buffer (20 mM, pH 7.0) 
containing 10 mM MgCl2 and 10 mM NaBH3CN. The final concentration of DNA 
was 5 µM. Next, the DNA solution (0.1 µL) was spotted onto TEA-coated glass slides 
in an array format using a spotting robot (Biodot, U.S.A.). The spotted glass slides 
were incubated in a humid environment at room temperature for 18 h. After the 
incubation period, the DNA-immobilized glass slides were washed with DI water for 
1 min, followed by the incubation in a 2×SSPE buffer containing 0.2% (v/v) SDS at 
37°C for 1 h. Next, the glass slides were washed with DI water and dried with 
nitrogen gas. To estimate the surface density of immobilized DNA probes, we spotted 
Cy3-labeled DNA with a concentration range between 0.01 nM and 5 μM on the 
TEA-coated surfaces and let the spots dry up completely. The slides were scanned 
with a fluorescence scanner and a calibration curve between the fluorescence intensity 





Hybridization of DNA Targets 
DNA targets (T1-Cy3) with a concentration of 5 µM were prepared in a hybridization 
buffer (0.02× SSPE containing 0.2% SDS). The DNA-immobilized glass slides were 
hybridized to this solution injected underneath a Lifter slip (Erie Scientific, USA) for 
4 h and at room temperature in a microarray hybridization chamber. Post-
hybridization washing was carried out twice with the hybridization buffer for 5 
minutes each at 37°C. 
 
Fluorescence Detection 
The microscope glass slides were scanned by using a microarray scanner GenePix 
4100A (Molecular Devices, U.S.A.) with a 575DF35 bandpass filter (550-600 nm). 
The spatial resolution was maintained at 40 μm in all experiments. All images were 
analysed by using the GenePix Pro 6.1 software provided by the manufacturer. 
Calibration of the scanner was carried out by using the hardware diagnostic tool in 







3.3 Results and Discussions 
 
3.3.1 Immobilization of Amine-Labeled DNA on Aldehyde-Decorated Surface 
 
First, we studied the covalent immobilization of amine-labeled DNA probes on 
aldehyde-terminated surfaces. The DNA probes used in this study are P1-Cy3 (with 
an amine group at 5’- end) and P2-Cy3 (without amine) as a control. Figure 3.1 
shows that only the P1-Cy3 spots give green fluorescence. This suggests that P1-Cy3 
probes are successfully immobilized on the surface. Only the terminal amines of the 
DNA probes react with the aldehyde.  
 
 
Figure 3.1. Fluorescence image of the DNA probes immobilized on an aldehyde-
decorated surface. Spots were control (immobilization buffer), 5 µM of P2-Cy3 








3.3.2 Effect of the Salt Concentrations 
 
Next, we studied the effect of salt (MgCl2) concentrations ([MgCl2] = 0, 1, 10, 100, 
1000 mM) on the immobilization of DNA probes. In Figure 3.2, only the spots with 
10, 100 and 1000 mM of MgCl2 show green fluorescence, while the spots with 0 mM 
and 1 mM are dark. Salt acts by localizing the cations on the negatively-charged 
backbone of DNA and lowers the repulsion between the DNA probes (Herne and 
Tarlov 1997; Peterson et al. 2001). At low salt concentrations, the negative-charge 
screening effect is low and the DNA probes repulse each others during 
immobilization. Thus, the efficiency of immobilization is reduced. However, when 
the salt concentration is increased (more than 10 mM), the screening effect leads to 
close packing of DNA probes during the immobilization process. Figure 3.2 shows a 
slight decrease in fluorescence intensity when the salt concentration is 1000 mM. This 
is because at high salt concentration, excess cations at the backbones of DNA probes 
cause the DNA probes to repulse each other and decrease the immobilization 
efficiency. To ensure the high density of DNA probes immobilized on the surface, 10 
mM of MgCl2 was used for the following experiments.  
 
 
Figure 3.2. Effect of salt concentrations on the immobilization efficiency of DNA 






3.3.3 Effect of DNA Concentrations 
  
Next, we tested different DNA concentrations in DNA immobilization procedure. In 
this experiment, droplets of DNA solutions with DNA concentrations ranging 
between 0 and 10 µM were dispensed on a TEA-decorated surface and incubated for 
18 h. Figure 3.3 shows that after the immobilization procedure, only spots with 0.5, 1, 
5 and 10 µM of DNA show fluorescence while other spots (0, 0.01 and 0.1 μM) 
remain dark. This is in agreement with most of the previous studies where the 
fluorescence intensity increases with DNA concentration (Belosludtsev et al. 2001; 
Cheung et al. 2003; Zammatteo et al. 2000).  
 
 
Figure 3.3. Immobilization of DNA on an aldehyde-terminated surface with different 
DNA concentrations. The fluorescence spots were 0, 0.01, 0.1, 0.5, 1, 5 and 10 µM of 
DNA (from left to right).  
 
 
3.3.4 Effect of the Immobilization Time 
 
To determine immobilization time to be used in subsequent experiments, we used 







Figure 3.4A shows that when the immobilization time is 2 h, the fluorescence signal is 
weak due to low density of immobilized DNA probes on the surface. When the 
immobilization time is increased to 6, 8 and 18 h, respectively (Figure 3.4B-D), DNA 
spots with the concentration of 0.5, 1, 5 and 10 µM show fluorescence signals while 
other concentration spots remain dark. We point out that the fluorescence intensities 
for 0.5 and 1 µM spots do not increase between 6 and 18 h. Therefore, we conclude 
that the DNA immobilization for 0.5 and 1 µM spots  is completed after 6 h. Using a 
longer immobilization time does not increase the surface DNA density.  However, for 
5 and 10 µM spots, the immobilization continues over time and leads to the increase 
in the fluorescence signals over the course of 18 h. In the following experiments, an 
immobilization time of 18 h will be utilized.  
 
With the optimized conditions established for immobilizing amine-labeled 
DNA on an aldehyde-decorated surface, we determined the surface density of DNA 
immobilized on the surface by using the fluorescence intensity calibration curve 
performed on a solid surface. Figure 3.5 shows that the estimated surface density of 
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Figure 3.4. Fluorescent images of DNA microarrays prepared by using different 
immobilization times (A) 2, (B) 6, (C) 8, and (D) 18 h. The spots are 0, 0.01, 0.1, 0.5, 
1, 5 and 10 µM of DNA (from left to right). 
 
 
Figure 3.5. Surface density of amine-labeled DNA immobilized on a TEA-decorated 












3.3.5 Effect of the Hybridization Buffer Concentration on DNA Hybridization 
Efficiency 
 
After optimizing the DNA immobilization procedure, we used the fabricated DNA 
microarray for DNA hybridization. It is well-known that DNA hybridization depends 
on ionic strength of hybridization buffer. We performed the hybridization experiment 
by using three different buffer concentrations, i.e. 0.02×, 0.2× and 2× SSPE. Figure 
3.6 shows that when the Cy3-labeled DNA targets (T1-Cy3) are hybridized to the 
complementary DNA probes, the fluorescence intensity increases with increasing 
hybridization buffer concentration (P1/ T1-Cy3 spots). This is because higher buffer 
concentration screens negative charges between the DNA probes and DNA targets, 
and results in better hybridization efficiency (Lee et al. 2007).  
 
To investigate the effect of buffer concentrations on the specificity of DNA 
hybridization, we also immobilized DNA probes P3 on the surface. Unlike probe P1 
which is complementary to T1, the P3 probe has one mismatch base pair to the target 
T1. After hybridization with T1-Cy3, Figure 3.6 shows that the fluorescence 
intensities of the P3 spots also increase with the increasing buffer concentrations. To 
determine the specificity, we quantify the fluorescence intensities P1 and P3 spots as 
shown in Table 3.1. We can see that the fluorescence intensity of P3 spots is lower 







Figure 3.6. Effect of hybridization buffer concentration on the hybridization 
efficiency. Fluorescence image of 5 µM of P1 and P3 immobilized on TEA-decorated 
surface and hybridized to 5 µM of DNA targets (T1-Cy3). Hybridization buffer used 
was (A) 0.02×, (B) 0.2×, and (C) 2× SSPE. 
 
TABLE 3.1: Fluorescence Intensity Analysis of DNA Spots in Figure 3.6 
Buffer 
Concentration 




 Contrast  
(P1/ P3) 
0.02× SSPE  P1/ T1-Cy3  2410 ± 283  5.2  3.4 ± 0.7 
  P3/ T1-Cy3  703 ± 87  1.5   
         
0.2× SSPE  P1/ T1-Cy3  6190 ± 777  40.1  1.3 ± 0.3 
  P3/ T1-Cy3  4875 ± 524  31.6   
         
2× SSPE  P1/ T1-Cy3  9103 ±1114  138  1.6 ± 0.3 
  P3/ T1-Cy3  5815 ± 714  88   
 
Detailed analysis of the fluorescence intensity in Table 3.1 also reveals that 
the contrast of the fluorescence signals between the P1 and P3 spots increases with 
decreasing buffer concentration (i.e. 0.02× SSPE exhibits the highest contrast of 3.4). 
At a high buffer concentration, DNA targets can easily hybridize to both 
complementary probes and 1 mismatch probe without much specificity. By 
decreasing the buffer concentration, the specificity is improved. Reducing the buffer 
concentration increases the repulsions between the DNA strands. The DNA duplexes 
formed between P3/ T1-Cy3 are not stable and easily denatured. This makes the 
single base mismatch hybridization less effective. In the following experiment, we 
will use 0.02× SSPE buffer as the hybridization condition in order to obtain a 
10 mm 





hybridization assay with high discrimination between complementary and single base 
mismatch DNA targets. 
 
 
3.3.6 Effect of the DNA Target Concentrations 
 
Finally, we performed experiments by varying the concentration of DNA targets 
ranging from 0.005 to 5 μM. Table 3.2 shows that the fluorescence intensity increases 
with increasing DNA targets concentration, but low DNA target concentration (e.g. 
0.005 μM) leads to no fluorescence on the surface. Table 3.2 also shows that the 
discrimination between complementary and single base mismatch DNA hybridization 
is the highest at 0.5 μM. The contrast ratio between complementary and 1 base 
mismatch is approximately 6 fold. For 0.05 and 5 μM of target concentration, the 
contrast ratio is only 3 fold. Higher DNA targets concentration (5 μM), which 
improves the binding of DNA targets and DNA probes, causes the single base 
mismatch hybridization to be more favorable. DNA hybridization efficiency is the 
ratio of DNA targets hybridized to the DNA probe immobilized. By using 0.5 μM 











TABLE 3.2: Fluorescence Intensity Analysis of DNA Spots Hybridized to 

























0.005  P1  0  -  - - - 
  P3  0  -     
           
0.05  P1  292 ± 27  4.5  2.8 ± 0.5 2.92 × 10
9
 3 
  P3  105 ± 13  1.6   1.05 × 10
9
  
           
0.5  P1  1636 ± 129  22.3  5.8 ± 0.9 1.64 × 10
10
 19 
  P3  283 ± 30  3.9   2.83 × 10
9
  
           
5  P1  2410 ± 283  5.2  3.4 ± 0.7 2.41 × 10
10
 28 













In this Chapter, we studied effects of several parameters on the DNA immobilization 
and hybridization. Parameters that affect DNA immobilization include concentration 
of MgCl2, DNA concentration, and immobilization time. The optimized conditions 
chosen for preparing DNA microarrays are 10 mM of MgCl2, 5 μM of DNA probes 
and 18 h of immobilization time. Parameters that affect DNA hybridization include 
buffer concentration and DNA target concentration. We conclude that 0.02× SSPE 
and 0.5 μM of DNA targets provide the best hybridization results. By using this 





complementary and single base mismatch DNA target. The optimized immobilization 
and hybridization protocols will be used for the rest of DNA microarray experiments 










ENHANCING THE FLUORESCENCE INTENSITY OF DNA 
MICROARRAYS BY USING CATIONIC SURFACTANTS 
 
 
Fluorescence detection used in most conventional DNA microarray is always limited 
by its sensitivity. In this chapter, a cationic surfactant, cetyl trimethylammonium 
bromide (CTAB), was employed to enhance the fluorescence intensity of 6-carboxy-
fluorescene (FAM)-labeled DNA probes. DNA hybridization was carried out both in 
aqueous solutions and on solid surfaces by using FAM-labeled DNA targets (perfect-
match and single-mismatch). The effect of CTAB on the fluorescence of FAM-





DNA microarrays have been used extensively in the identification and detection of 





Kurian et al. 1999; Le Berre et al. 2003; Sunkara et al. 2007). Conventionally, the 
analysis of DNA microarrays is carried out by detecting the fluorescence signals 
emitted from the microarray after fluorescently labeled DNA targets hybridize to 
immobilized DNA probes. Because of the small number of DNA targets hybridized to 
the surface, the sensitivity of fluorescence-based detection methods has always been a 
challenge. The most direct method is by using different group of fluorescent dyes 
which have better photophysical properties. For instance, cyanine group dyes such as 
Cy5 was shown to perform better than fluorescein dyes in enhancing the DNA 
microarray intensity due to their lower photobleaching effect (Wang and Li 2010). On 
the other hand, different strategies for enhancing the fluorescent signal can be found 
in the literature. Three dimensional structures, such as dendrimeric or nanopillar 
structures, have been developed on the microarray surface to increase the density of 
DNA probes immobilized on the surface (Le Berre et al. 2003; Murthy et al. 2008; 
Sunkara et al. 2007). Higher density of DNA probes on surface increases the number 
of fluorophore-labeled DNA targets, and that can lead to increase in the fluorescence 
signals by two to sevenfold. However, densely immobilized DNA probes on surface 
also hinder the accessibility of DNA targets because of steric hindrance or 
electrostatic repulsion. Hence, tight quality control is needed in generating these three 
dimensional structures in order to increase the accessibility of DNA targets.  
 
Another popular strategy to enhance the fluorescence signal is by modifying 
the spectral property of fluorophore. For example, Lakowicz’s group prepares 
nanoscale silver films on which Cy3- and Cy5-labeled DNA are bound to (Fu and 
Lakowicz 2006; Malicka et al. 2003a; Malicka et al. 2003b). The close distance 





excitation and emission properties of the fluorophores due to the modification in the 
local electromagnetic environment (Fort and Grésillon 2008; Malicka et al. 2003a). 
Under the optimized conditions, this phenomenon enhances the intensity of the 
fluorophores. Other reflective surfaces such as oxidized silicon surface have also been 
used as a platform for enhancing the fluorescence intensity (Bras et al. 2004; Oillic et 
al. 2007). When Cy3-labeled DNA targets are hybridized to the DNA probes, the 
fluorophore interacts with the propagation mode of light from a reflected silicon 
surface. When the fluorophore is placed at an optimized distance from the surface, the 
fluorescence intensity is enhanced (Bras et al. 2004; Oillic et al. 2007). Once again, 
these two techniques require careful control to ensure that the fluorophores are located 
at an optimized distance from the surface. Another strategy to modify the spectral 
property of fluorophore is by using surfactants (Awan and Shah 1997; Bhowmika and 
Ganguly 2005; Biswas et al. 1999; Guo et al. 2008; Hadjianestis and Nikokavouras 
1993; Song et al. 2000b). For example, several groups have studied the interactions 
between cationic surfactant CTAB and fluorescein in solution system. They have 
reported that near the critical micelle concentration (cmc) of CTAB, emission 
spectrum of fluorescein shows a redshift (~ 10 nm) and the fluorescence signal also 
increases (Biswas et al. 1999; Song et al. 2000b). Although the interactions between 
fluorescein and CTAB have been documented in the literature, to the best of our 
knowledge, there has been no prior study on the effect of CTAB on the fluorescent 
property of FAM immobilized on a solid surface. FAM is a fluorescein derivative 
with anionic property which can interact with CTAB. Besides, FAM is commonly 
used to tag to biomolecules such as DNA. In this study, we investigate how the 





phase and solid phase. This technique can be used as a simple and efficient method to 
enhance the fluorescence intensity of DNA microarray and improve its detection limit.   
 
 
4.2 Experimental Section 
 
Materials 
Microscope glass slides (Fisher’s Finest) were purchased from Fisher (U.S.A). 
Sodium cyanoborohydride (NaBH3CN) was purchased from Sigma Aldrich 
(Singapore). Cetyl trimethylammonium bromide (CTAB) was purchased from Merck 
(Singapore). Sodium dodecyl sulfate (SDS) and octylphenyl polyoxyethylene ether 
(Triton X-100) were purchased from USB (U.S.A). (Triethoxysilyl) butyl aldehyde 
(TEA) was purchased from United Chemical Technologies (U.S.A). DNA probes 
used in this study, 5'-FAM-GTGGC TCGAT-3' (FAM-P10), 5'-NH2-GTGGC TCGAT 
ATAAT ATGCA AAAGC-FAM-3' (FAM-P25), 5'-FAM-GTGGC TCGAT ATAAT 
ATGCA AAAGC GTGGC TCGAT ATAAT-3' (FAM-P40), 5'-NH2-GTGGC 
TCGAT ATAAT ATGCA AAAGC-3' (PP), 5'-Cy3-GTGGC TCGAT ATAAT 
ATGCA AAAGC-NH2-3' (P-Cy3), 5’-NH2-GTGGC TCGAT ATTAT ATGCA 
AAAGC -3’ (P1M),  5’-NH2-GTGGC TCGAT AAATT ATGCA AAAGC -3’ (P2M),  
and DNA targets which are complement with FAM-P25/ PP, 5'-FAM-GCTTT 
TGCAT ATTAT ATCGA GCCAC-3' (FAM-T), were synthesized by Sigma Aldrich 






Preparation of DNA Microarray 
Microscope glass slides were immersed in 5% Decon-90 solution overnight, sonicated 
in DI water and rinsed thoroughly with DI water sequentially. After this, the glass 
slides were dried under a stream of nitrogen. The cleaned glass slides were then 
immersed in a methanolic solution containing 2% (v/v) of TEA at room temperature. 
After 2 h, the glass slides were withdrawn from the solution and rinsed with methanol. 
To crosslink the silane, the slides were dried with nitrogen and heated in a 100
o
C 
vacuum oven for 15 min. Next, 20 mM of Tris buffer (pH 8.5) containing 100 mM of 
MgCl2 and 50 mM of NaBH3CN was used to dissolve amine-labeled DNA (FAM-P25, 
PP or P-Cy3) to a final concentration of 20 μM. The DNA solution was spotted onto 
a TEA-coated slide with a spotting robot (Biodot, U.S.A.). The diameter of each spot 
was 0.8 mm and the distance between two spots was 1.5 mm. Humidity was 
maintained at 90% during the spotting process. After 18 h of incubation in a humid 
environment, the slide was washed with DI water (1 min) before transferring to 
2×SSPE buffer (0.300 M sodium chloride and 0.030 M sodium citrate, pH 7.4) 
containing 0.2% of SDS. The solution was gently agitated in a water bath (37°C) for 1 
h to remove any nonspecific adsorbed or unbound DNA probes. After drying with 
nitrogen gas, the microscope glass slides were immersed in an aqueous solution 
containing 1 mM CTAB, 8 mM SDS or 0.3 mM Triton X-100 for 60 s, rinsed once 
with DI water and blew dry.  
 
DNA Hybridization 
DNA microarrays were incubated in 2×SSPE buffer containing 0.2% of SDS and 





at 23°C (room temperature) for 4 h. After hybridization, the glass slides were 
immersed in the same hybridization buffer twice (5 min each) at 37°C. After drying 
with nitrogen gas, the microscope glass slides were immersed in an aqueous solution 
containing 1 mM CTAB for 60 s, rinsed once with DI water and blew dry. A 
schematic illustration of this procedure can be found in Figure 4.1. 
 
 
Figure 4.1. Schematic diagram of using CTAB to enhance the fluorescence emission 
of FAM-labeled DNA targets hybridized to a DNA probe on solid surface. Drawings 




The microscope glass slides were scanned by using a microarray scanner GenePix 
4100A (Molecular Devices, U.S.A.) with a 575DF35 bandpass filter (550-600 nm). 
The spatial resolution was maintained at 40 μm in all experiments, and the PMT gain 
used was 400 for Cy3 and 600 for FAM experiment. All images were analysed by 
using the GenePix Pro 6.1 software provided by the manufacturer. To ensure the 
reproducibility and minimize the errors of the fluorescent measurement, three 
different spots from three replicates were measured and the fluorescence intensity was 









tool in GenePix Pro 6.1 to scan a calibration slide provided by the manufacturer. 
Fluorescence was measured by using Perkin-Elmer LS 50B luminescence 
spectrometer equipped with xenon discharge lamp and a gated photomultiplier. 
 
 
4.3 Results and Discussions 
 
4.3.1 Emission Spectra of FAM-labeled DNA in CTAB Solution 
 
It has been reported that the presence of the cationic surfactant CTAB affects the 
emission spectrum of the fluorescein dye in solution (Aydın et al. 2009; Biswas et al. 
1999; Hadjianestis and Nikokavouras 1993; Song et al. 2000b; Sánchez and  Ruiz 
1996). For comparison, we studied whether the emission property of FAM on DNA is 
also affected by CTAB. Figure 4.2 shows the emission spectra of an aqueous solution 
containing 1 µM FAM-labeled DNA probe (25mer) (FAM-P25) excited at 490 nm. In 
the absence of CTAB, FAM-P25 shows an emission peak at 514 nm (dashed line). 
However, after the addition of CTAB to the solution, the emission peak gradually 
shifts to 526 nm. In addition, we note that the fluorescence intensity increases with the 
increasing concentration of CTAB from 0.1 to 1 mM but decreases slightly at 2.5 mM. 
It is commonly known that positively charged CTAB interacts with negatively 
charged FAM-labeled DNA through electrostatic interaction (Biswas et al. 1999; 
Santhiya and Maiti 2010). When the concentration of CTAB used is near the critical 





DNA to form DNA/CTAB complexes which embed the DAM moiety (Hadjianestis 
and Nikokavouras 1993; Santhiya and Maiti 2010). When the vicinity of FAM is 
occupied by CTAB, the local environment of FAM is changed. The free movement of 
FAM is restricted such that the non-radiative decay from the excited states of FAM is 
reduced (Acemioğlu et al. 2001; Aydın et al. 2009; Song et al. 2000b; Sánchez 
and  Ruiz 1996). The more stabilized excited state of FAM in the presence of CTAB 
contributes to the red-shifted emission and the increase in the emission intensity. This 
is also in agreement with several past studies which show that the quantum yield and 
lifetime of fluorescein are higher in CTAB solution than in aqueous solution (Aydın 
et al. 2009; Hadjianestis and Nikokavouras 1993; Song et al. 2000a). The emission 
intensity does not increase after the cmc of 1 mM indicating the saturation (Santhiya 
and Maiti 2010). Hadjianestis and co-workers also show that increasing the 
concentration of CTAB leads to the increased quantum yield of fluorescein until the 
cmc is reached and the quantum yield remains the same (Hadjianestis and 
Nikokavouras 1993). We further point out that the red shift and the increase of the 
emission intensity of FAM are consistent with some literature in which the 
interactions of fluorescein and CTAB are reported (Aydın et al. 2009; Biswas et al. 
1999; Hadjianestis and Nikokavouras 1993; Song et al. 2000b; Sánchez and  Ruiz 
1996). This suggests that the photophysical properties of FAM-labeled DNA are 







Figure 4.2. Emission spectra of solutions containing 1 µM of FAM-labeled DNA 
(FAM-P25) in aqueous solution without CTAB (dashed line) and in aqueous solution 
with various concentrations of CTAB: 0.1, 0.5, 1, and 2.5 mM (solid line).  
 
 
4.3.2 Role of DNA in Enhancing the Fluorescence Intensity 
 
To study whether DNA also plays an important role in attracting CTAB molecules to 
enhance the fluorescence intensity, we repeated the experiment by using FAM-labeled 
DNA probe having different lengths, ranging from 10mer (FAM-P10), 25mer (FAM-
P25) to 40mer (FAM-P40). Figure 4.3 shows that when we measured the fluorescence 
intensities (at 514 and 526 nm) before and after the addition of CTAB, the 526/ 514 
ratio of the fluorescence intensity is 1.68, 3.99 and 4.83 for 10, 25 and 40 mer DNA, 
respectively. This result suggests that the length of DNA influences the fluorescence 
intensity of FAM-labeled DNA in the presence of CTAB. The longer the DNA chain, 
the larger the enhancement of fluorescence intensity. This is because in solution phase, 
DNA can wrap around the CTAB micelles through electrostatic interactions and 









the electrostatic attractions between DNA and CTAB micelles become stronger and 
the DNA/CTAB complexes become more stable (Figure 4.3). Thus, the more stable 
excited state of FAM has less non-radiative decay, which results in the enhanced 




Figure 4.3. Effect of DNA chain length on the fluorescence enhancement. Emission 
spectra of solutions containing 1 µM of 40 mer, 25 mer, and 10 mer FAM-labeled 
DNA without CTAB solution (dashed line) and in the presence of 1 mM CTAB (solid 
line). Cartoons show the illustration of different chain length of FAM-labeled DNA 









4.3.3 Influence of CTAB on FAM-labeled DNA on Solid Surfaces 
 
To understand whether the aqueous environment is necessary for the enhancement of 
the fluorescence signal, we immobilized FAM-labeled DNA on a glass slide and then 
compared its fluorescence signal before and after the treatment of CTAB. In this 
experiment, we only immersed half of the glass slide into aqueous solution containing 
1 mM of CTAB and then the slide was blown dry. Figure 4.4A shows that the 
fluorescence signal in the region treated with CTAB is 11 times brighter than the one 
without the treatment (46493 vs. 4235). This result indicates that CTAB can enhance 
the fluorescence intensity even in the dry state through the formation of FAM-DNA/ 
CTAB complexes which affects the fluorescence spectra of FAM as in solution phase.  
 
 
Figure 4.4. Effects of CTAB, SDS and Triton X-100 on the fluorescence intensity of 
FAM-labeled DNA probe (FAM-P25) immobilized on glass slides. The top half of the 
slides were immersed into (A) 1 mM of CTAB, (B) 8 mM of SDS, or (C) 0.3 mM of 
Triton X-100, and then blown dried. The bottom half of the slides were not immersed 
into any surfactant solutions. 
 
 
However, the fluorescence intensity enhancement on solid surface is higher 













quenching effect for FAM-labeled DNA on the solid surface. To test this proposition, 
we first studied whether fluorescent quenching happens before the addition of CTAB 
in aqueous solution and on the solid phase. In the solution phase, Figure 4.5A shows 
that the fluorescence intensity increases linearly with the FAM-labeled DNA 





Figure 4.5. The quenching effect of FAM-labeled DNA in aqueous solution and on 
solid surface. (A) Fluorescence emission intensity of different concentrations of 
FAM-labeled DNA in aqueous solution. (B) Surface density of immobilized DNA 
probes with different concentrations. The surface density was estimated by using 











On the other hand, on the solid surface, Figure 4.5B shows that the 
ellipsometric thickness increases linearly with the DNA concentration between 0.5 – 5 
μM, but the fluorescence intensity reaches a plateau at 5 µM. Thus, we can conclude 
that fluorescent quenching occurs when the DNA concentration is higher than 5 µM. 
When CTAB is present to form the FAM-DNA/ CTAB complexes, it acts as spacer to 
reduce the quenching effect. Thus, the fluorescence intensity enhancement is more 
significant on the solid surface than in the solution.  
 
 Next, we immobilized FAM-labeled DNA with different lengths, i.e. 10mer, 
25mer and 40mer on solid surfaces and studied the effect of DNA length on solid 
surface on the fluorescence intensities. The fluorescence intensities before and after 
the treatment of CTAB are shown in Figure 4.6. Before immersing in CTAB solution, 
the fluorescence intensity was 3000, 4300 and 3000 for 10mer, 25mer and 40mer 
DNA, respectively. After immersing in CTAB solution, the fluorescence intensity 
increased to 27000, 47000 and 36000 for 10mer, 25mer and 40mer DNA, respectively. 
This gives an enhancement of 9, 11 and 12 fold of fluorescence intensity after the 
addition of CTAB. Unlike DNA in the solution, the correlation between the DNA 
chain length and the fluorescence enhancement is not obvious. This is probably 
because when DNA is immobilized on solid surface, only one free end of DNA is 
available to interact with CTAB to form DNA/CTAB complex. Thus, increasing the 








Figure 4.6. Effects of DNA chain length immobilized on solid surface on the 
fluorescence enhancement. The fluorescence intensity measurement of 10 mer, 25 
mer, and 40 mer of FAM-labeled DNA on solid surface before (white bar) and after 
(black bar) treated with CTAB.  
 
 
Besides, we also performed the experiment by using two different surfactants, 
SDS, and Triton X-100 and studied their effect on the fluorescence intensity of FAM-
labeled DNA. Figure 4.4B and 4.4C show that the regions treated with SDS or Triton 
X-100 solution do not exhibit an increase but a decrease in the fluorescence intensity. 
We performed the experiment in solution phase and we also observed a decrease in 
the fluorescence intensity after the addition of SDS or Triton X-100 to FAM-labeled 
DNA (Figure 4.7). SDS is anionic surfactant and the repulsive forces between SDS 
and DNA may induce a higher local concentration of FAM which increases the 
quenching effect. On the other hand, the phenol ring of Triton X-100 may cause the 
quenching processes of FAM through the increase in the non-radiative deactivation 
rate (Freire et al. 2010). Thus, we can attribute the decrease of the FAM fluorescence 
intensity in Figure 4.4B and 4.4C to the quenching effect by SDS and Triton X-100. 
Results above, when combined, suggest that only cationic surfactant CTAB can 






Figure 4.7. Emission spectra of solutions containing 1 µM of FAM-labeled DNA 
(FAM-P25) in aqueous solution (dashed line) and in aqueous solution with 8 mM SDS 
and 0.3 mM of Triton X-100, respectively (solid line). 
 
 
4.3.4 Influence of CTAB on Cy3-labeled DNA on Solid Surfaces 
 
Since Cy3 dye labeled DNA is commonly used in DNA microarray, we also 
investigate whether the fluorescence intensity of immobilized Cy3-labeled DNA (P-
Cy3) can be enhanced by CTAB. Figure 4.8 shows that the fluorescence intensity 
increases 1.8-fold after treating the surface with CTAB (12505 vs 7024). The result 
suggests that the emission property of Cy3 fluorophore is less affected than FAM by 
CTAB. This phenomenon can be explained by less electrostatic attraction between 
positively charged CTAB and Cy3 dye. This hypothesis is tested by exposing the 
immobilized Cy3-labeled DNA to SDS solution. Figure 4.8 shows a 2.8-fold increase 
in the fluorescence intensity (12173 vs 4341) after the SDS treatment. The 
interactions between the negatively-charged SDS and positively-charged Cy3 lead to 







interactions between DNA chain and SDS, the enhancement effect is not as great as 
the enhancement observed for FAM-labeled DNA/ CTAB. Therefore, we conclude 




Figure 4.8. Effects of CTAB and SDS on the fluorescence intensity of Cy3-labeled 
DNA (P-Cy3) immobilized on glass slides. The top half of the slides were immersed 
into 1 mM of CTAB or 8 mM of SDS, and then blown dried. The bottom half of the 
slides were not immersed into any surfactant solutions.  
 
 
4.3.5 Effect of CTAB on the Fluorescence Property of Double-Stranded DNA 
 
Results above indicate that the presence of CTAB can lead to different fluorescence 
property of FAM-labeled single-stranded DNA on a solid surface. We further tested 
the effect of CTAB on the fluorescence property of double-stranded DNA. As shown 
in Figure 4.1, we prepared a slide decorated with DNA probes having perfectly 
matched (PP), 1-mismatch (P1M) and 2-mismatch (P2M) sequences to a FAM-







Similar to the previous experiment, after the DNA hybridization, we immersed half of 
the slide into a solution containing 1 mM of CTAB. Figure 4.9 shows the fluorescence 
image of the slide. In the absence of CTAB, fluorescence intensity for the PP, P1M 
and P2M are 160, 127, and 136 respectively (Table 4.1). However, in the region 
where the surface was treated with 1 mM of CTAB, fluorescence intensities for PP, 
P1M and P2M are 4093, 282, and 89, respectively (Table 4.1). The fluorescence 
intensity for PP has been enhanced by 26 fold (4093 vs 160) in the presence of CTAB, 
which indicates that the fluorescence of the FAM-labeled double-stranded DNA can 
also be enhanced by CTAB. The enhancement is also due to the increase in the S/ N 
ratio after the surface treatment by CTAB. Table 4.1 shows that after treated the 
surface with CTAB, the S/ N ratio is increased because the fluorescence intensity of 
the background is reduced. The surface treatment by CTAB can wash away the non-
specific adsorbed DNA on the background. Thus, the enhancement effect is increased 
for PP duplexes before and after CTAB treatment. Table 4.1 also shows that the 
contrast of the fluorescence intensity between PP and P1M after hybridization has 
been increased from 1.3-fold to about 15-fold after the addition of CTAB. Apart from 
the enhancement effect by CTAB, the increase in the S/ N ratio after the surface 
treatment by CTAB (Table 4.1) also attributes to the enhanced fluorescence intensity 
contrast between PP and P1M. These results show that the presence of CTAB 
enhances not only the fluorescence intensity but also improves the discrimination 
between the perfect-match and 1-mismatch DNA hybridization. We also make the 
following observations. Before the addition of CTAB, the fluorescence signals are 
almost the same for PP and P1M, indicating that the amounts of FAM-T hybridized 
to PP and P1M probes are about the same. However, after the addition of CTAB, the 









Figure 4.9. Effect of CTAB on the fluorescence intensity of a DNA microarray after 
DNA hybridization. Probes located on the surface are (A) no probe, (B) P2M, (C) 
P1M and (D) PP. During DNA hybridization, the glass slide was immersed in 
hybridization buffer containing 10 μM of FAM-T (complimentary to PP) for 4 h. 
After the DNA hybridization, the upper part of the DNA microarray was immersed in 
1 mM of CTAB solution for 1 min and blown dried. 
 
TABLE 4.1: Comparison of the Fluorescence Intensity for P2M, P1M, and PP 
Spots in Figure 4.9 




 Contrast  
(PP/ P1M) 
With CTAB  PP  4093 ± 238  94.6  14.5 
  P1M  282 ± 39  6.5   
  P2M  89 ± 10  2.1   
         
Without 
CTAB 
 PP  160 ± 20  1.2  1.3 
  P1M  127 ± 15  1.0   
  P2M  136 ± 26  1.0   
 
With CTAB 









In this work, we have demonstrated that the fluorescence intensity of FAM-labeled 
DNA can be enhanced by using CTAB both in aqueous solution and solid surfaces. 
Because this phenomenon was not observed when anionic surfactant SDS or nonionic 
Triton X-100 were used, we conclude that the electrostatic interactions between 
cationic surfactant and FAM-labeled DNA play an important role in enhancing the 
fluorescence intensity. This technique was also applied on a DNA microarray to 
detect DNA target, and a 26-fold increment in the fluorescence intensity for perfect-
match DNA spots was observed. More importantly, the contrast between perfect-
match and 1-mismatch DNA spots has also increased from 1.3-fold to 15-fold. This 
technique is capable of enhancing the detection limit of DNA microarrays and 











OPTICAL IMAGING OF SURFACE-IMMOBILIZED OLIGONUCLEOTIDE 
PROBES ON DNA MICROARRAYS USING LIQUID CRYSTALS 
 
 
The application of DNA microarray in SNPs or gene expression analysis requires the 
use of DNA microarray which possesses a high density of ssDNA probes with good 
spot homogeneity. However, current DNA microarray technology still falls short of it. 
In this chapter, we used LCs as a label-free method to image the immobilized ssDNA 
probes on solid surface. Firstly, we designed a solid surface which provides aldehyde 
functional groups and at the same time orients LCs homeotropically. Different 
concentrations of ssDNA probes were immobilized on this surface to study the effect 
of surface density on the optical image of LCs. The correlation between the surface 
density of DNA and the corresponding LC optical image was used as the basis to 









DNA microarrays have been used extensively in the identification and detection of 
single nucleotide polymorphisms and gene expression analysis among many other 
applications (Bally et al. 2006; Heller 2002; Kurian et al. 1999; Lockhart and 
Winzeler 2000; Pirrung 2002; Schaferling and Nagl 2006; Stears et al. 2003). These 
applications require the use of DNA microarrays which possess a high density of 
oligonucleotide probes with good spot homogeneity. However, current DNA 
microarray technology still falls short of it (Campo and Bruce 2005; Heise and Bier 
2006; Schaferling and Nagl 2006). For example, evaporation of buffer solution, which 
leads to a higher concentration of oligonucleotides at the edge of each spot (Campo 
and Bruce 2005), causes an inhomogeneous distribution of oligonucleotide probes. In 
fact, this inhomogeneous distribution and other defects on DNA microarrays need to 
be identified in order to preserve the accuracy of data interpretation. Currently, 
several methods are available for quantifying the spatial distribution of DNA 
immobilized on a surface, such as surface plasmon resonance (SPR) and ellipsometry 
(Bally et al. 2006; Gray et al. 1997; Jordan et al. 1997; Thiel et al. 1997). SPR 
technique requires DNA probes to be immobilized on a gold surface (Bally et al. 2006; 
Jordan et al. 1997; Smith and Corn 2003) whilst ellipsometry requires a reflective 
surface (Bally et al. 2006). Neither of them is compatible with commonly used DNA 
microarray substrates, glass slides. Besides, these techniques also require additional 
instrumentation. Thus, an imaging technique that is simple, easy to use and 






Here, we investigate the feasibility of using nematic liquid crystals (LCs) as a 
tool to assess the quality of a DNA microarray and pinpoint its defects prior to the 
DNA hybridization step. LC-based imaging method is founded on several previous 
studies showing that chemical and biomolecular binding events on a solid surface can 
change the anchoring properties of nematic LCs supported on the surface (Bi et al. 
2007; Bi and Yang 2007; Clare and Abbott 2005; Clare et al. 2006; Gupta et al. 1998; 
Kim et al. 2005; Shah and Abbott 2001; Skaife et al. 2001). This method is performed 
under ambient lighting without the need of electricity and the responses are readily 
observable by the naked eye. For example, Abbott’s group developed several protein 
assays by using nanostructured gold surfaces which can align supported films of LCs 
uniformly and give them uniform optical textures. When biomolecules bound to the 
surface, the surface nanostructures were masked by the biomolecules such that the 
orientations of LCs were disrupted, and the optical appearance of LCs changed as a 
result. This method is very sensitive but it is only qualitative at best. Later, the same 
group developed a torque-balance method to quantitatively measure the orientational 
transition of LCs triggered by immobilized proteins on the surface (Lowe et al. 2008). 
However, a series of pictures at different angles need to be captured and analyzed 
before the amounts of immobilized proteins can be quantified.  
 
More recently, we developed protein assays on plain glass substrates which 
can align LCs homeotropically (perpendicular to the surface) (Xue and Yang 2008). 
Advantages of this approach include: (1) it does not require a nanostructured surface. 
(2) The background is pitch-dark at any angles, making the bright signal triggered by 
proteins easily distinguishable. (3) The dark-to-bright transition triggered by adsorbed 





in this protein assay, the surface used to create the homeotropic boundary conditions 
does not possess any reactive functional groups suitable for the covalent 
immobilization of amine-labeled oligonucleotides on the surface. This system also 
lacks a mechanism to report the protein concentration quantitatively. To address these 
two issues, we aim to develop a chemically functionalized surface which not only 
orientates LCs homeotropically but also provides aldehyde functional groups for the 
covalent attachment of amine-labeled oligonucleotides. DNA microarrays constructed 
on this type of substrate is imaged by using LCs and the spatial distribution of 
oligonucleotide probes and the presence of surface defects will be available to users 
before the DNA microarrays are put into use. Furthermore, we will exploit the 
interference color of LCs for quantitative analysis of oligonucleotides probes 
immobilized on surfaces. This simple and easy to use LC-based imaging system is 
anticipated as a powerful tool to assess the quality of DNA microarrays and locate all 
the surface defects before they are used.  
 
 
5.2 Experimental Section 
 
Materials 
Glass slides were obtained from Marienfeld (Germany). Sodium cyanoborohydride 
(NaBH3CN) and N,N-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl chloride 
(DMOAP) and bovine serum albumin (BSA) were purchased from Sigma Aldrich 





Chemical Technologies (Bristol, PA, USA). Nematic LCs 4-cyano-4’-pentylbiphenyl 
(5CB) was purchased from Merck (Singapore). 20 and 25 mer oligonucleotides used 
in this study including 5'-NH2-GCTTT TGCAT ATTAT ATCGA-3' (D1), 5'-NH2-
GCTTT TGCAT ATTAT ATCGA GCCAC-3' (D2), 5'-NH2-GTGGC TCGAT 
ATAAT ATGCA AAAGC-3' (D3), and 5'-FAM-GCTTT TGCAT ATTAT ATCGA 
GCCAC-3' (D4) were obtained from Research Biolabs (Singapore). All solvents used 
in this study were either analytical or HPLC grades.  
 
Cleaning of Substrates 
Glass slides were immersed in a 5% Decon-90 solution for 2h, sonicated in DI water 
and rinsed thoroughly with DI water sequentially. After this, the slides were dried 
under a stream of nitrogen. Silicon wafers were cleaned with freshly prepared piranha 
solution (70% H2SO4, 30% H2O2) at 80°C for 1h to remove all organic contaminants. 
Warning: Piranha solution reacts strongly with organic compounds and should be 
handled with extreme caution. The silicon wafers were then rinsed thoroughly with 
absolute ethanol, DI water and dried under a stream of nitrogen.  
 
Chemical Modifications of Solid Surfaces 
For DMOAP-decorated surfaces, cleaned glass slides were immersed in an aqueous 
solution containing 0.1% (v/v) DMOAP for 5min, and then rinsed with copious 
amounts of DI water. The DMOAP-coated glass slides were dried under a stream of 
nitrogen and heated in a 100°C vacuum oven for 15min. For TEA-decorated surfaces, 





containing 2% (v/v) TEA for 4h at room temperature. The substrates were then rinsed 
with methanol, dried with nitrogen and left in a 100
o
C oven overnight to ensure the 
complete cross-linking of TEA molecules. For mixed TEA / DMOAP-decorated 
surfaces, cleaned glass slides were immersed in methanolic solution containing 2% 
(v/v) TEA and 1% (v/v) DMOAP for 2h at room temperature. The substrates were 
then rinsed with methanol, dried with nitrogen and heated in a 100
o
C vacuum oven 
for 15min.  
 
Immobilization of Oligonucleotides 
Amine-labeled oligonucleotides were first dissolved in Tris-HCl buffer (20 mM, pH 
8.0) containing 100 mM MgCl2 and 10 mM NaBH3CN. Next, 1.5 L of solutions 
containing oligonucleotide was spotted on TEA- or mixed TEA / DMOAP-decorated 
glass slides in an array format (Figure 5.1). The spotted glass slides were incubated in 
a humid environment at room temperature for 4h. After this, the oligonucleotides-
immobilized slides were immersed in methanol, sonicated for 2min and dried under a 
stream of nitrogen.  
 
 








A substrate with immobilized oligonucleotide probes was immersed in a blocking 
solution containing 1 mg/mL BSA for 1h. The substrate was then incubated in 20 μL 
of Tris-HCl buffer (20 mM, pH 8.0) containing 100 mM MgCl2 and 10 μM FAM-
labeled oligonucleotides (D4) underneath a Lifter slip (Erie Scientific, USA). The 
hybridization was carried out at room temperature for 12h. After hybridization, the 
substrate was first rinsed with 2 SSC containing 0.02% (w/v) SDS for 30s and then 
rinsed twice with 1 SSC for 30s and once with 1 SSC for 2min. The substrates 
were then cleaned with 10 mM TE buffer for 30s, 5 mM TE buffer for 30s, and finally 
with 5% (v/v) ethanol in water for 30s. 
 
Fabrication of Liquid Crystals Cells 
LC cell was fabricated by sandwiching two glass slides, one was the DMAOP-coated 
glass and the other was TEA- or mixed TEA / DMOAP-coated glass, with two strips 
of spacers (~ 6 μm) and two binder clips (Figure 5.1). The DMOAP-coated glass is 
always used because it is known to cause homeotropic alignment of LCs (Kahn 1973; 
Kocevar and Musevic 2003b). In most experiments, the TEA- or mixed TEA / 
DMOAP-coated slide was decorated with an array of immobilized oligonucleotides. 
Approximately 3 μL of 5CB was drawn into the cavity formed between the two glass 
surfaces through capillary force. The optical appearance of the cell was observed by 
using a polarizing optical microscope (Nikon, Japan) in transmission mode. Each 
image was captured by a digital camera mounted on the microscope using an 
exposure time of 
40






Stokes ellipsometer (model: LSE) with a 6328Å HeNe laser was provided by Gaertner 
(USA). The incident light was kept at 70° during all the measurements. Using this 
ellipsometer, the real part (n) and imaginary part (k) of the refractive index of a clean 
silicon wafer were found to be 3.94 and 0.0662, respectively. To measure the 
thickness of an organic layer coated on the silicon wafer, Stokes parameter Δ and Ψ 
were measured. Then, the thickness was determined by fitting a one-layer model with 
both Stokes parameters and a single refractive index of 1.46. To ensure the 
reproducibility of ellipsometric measurements, six different spots were measured and 
averaged for each sample.  
 
Microarray Fabrication 
Amine-labeled oligonucleotides were dissolved in Tris-HCl buffer (20 mM, pH 8.0) 
containing 100 mM MgCl2 and 10 mM NaBH3CN. The oligonucleotide solution was 
then printed onto mixed TEA / DMOAP-decorated glass slides with a spotting robot 
(Biodot, USA). The diameter of each spot was 0.8 mm and the distance between two 
spots was 1.5 mm. Before use, printed substrates were incubated in a humid 
environment at room temperature for 4h to allow the immobilization of 
oligonucleotides. Humidity was maintained at 90%.  
 
Fluorescence Detection 
The fluorescence signals of DNA microarray were detected by using a GenePix 





E200 fluorescence microscopy (Nikon, Japan) with a FITC / EGFP filter set (Chroma 
Technology, USA). A digital camera mounted on top of microscope was used to 
capture images. The same parameters were used for all images and analysis. 
 
 
5.3 Results and Discussions 
 
5.3.1 Orientations of LCs on TEA-Decorated Surfaces 
 
To build a DNA microarray that can be imaged by using LCs, we need a solid 
substrate which not only has surface aldehyde groups (for covalent immobilization of 
amine-labeled oligonucleotides), but also provides a dark backdrop when LCs are 
supported on the surface (to provide maximum contrast between background and 
signal). Thus, our first attempt was to immerse glass slide in TEA solution for 1h to 
incorporate aldehyde functional groups on the surface. However, when we prepared 
an LC cell using this substrate and a DMOAP-coated glass slide, the LC cell appeared 








Figure 5.2. (A) and (B) show the optical images of LC cells with 5CB sandwiched 
between a DMOAP-coated glass slide and a TEA glass slide coated for 1h and 4h 
respectively.  
 
In order to create a dark backdrop, we increased the TEA coating time. As 
shown in Figure 5.2B, when the immersion time was increased to 4h, the optical 
appearance of the LC cell made from such substrate became uniformly dark. To 
understand what caused the different backdrop in Figure 5.2A and 5.2B, we measured 
the ellipsometric thicknesses of the surface as a function of TEA immersion time. Our 
results show that the ellipsometric thickness increased with the TEA immersion time 
(Figure 5.3A). Because the theoretical molecular length of a TEA monolayer is about 
6 Å, we propose that multilayers of TEA were formed on the surface with a longer 
immersion time. Thus, the dark backdrop in Figure 5.2B can be attributed to the 
formation of TEA multilayers which orient 5CB homeotropically. Moreover, Figure 
5.3B shows that the surface water contact angle also increased with the immersion 
time, which is probably caused by the roughness of the TEA multilayers on the 
surface. Since past studies have established that 5CB orients perpendicularly 
(homeotropic orientation) with increasing surface hydrophobicity (Price and Schwartz 
2006), we propose that the dark backdrop in Figure 5.2B can be attributed to the 
hydrophobic nature of TEA multilayers which orients 5CB homeotropically. 










Figure 5.3. The (A) ellipsometric thicknesses and (B) water contact angles of silicon 
wafers coated with TEA as the function of immersion time. 
 
 
5.3.2 Imaging Immobilized Oligonucleotides with LCs 
 
Next, we immobilized amine-labeled oligonucleotides (20 mer, D1) on the slide 
coated with TEA multilayers and paired the slide with a DMOAP-coated slide to 
make an LC cell. The optical appearance of the LC cell under crossed polarizers in 
Figure 5.4A shows that bright spots only appeared in regions where 25 μM of 
oligonucleotides were immobilized. On the other hand, control spot (with buffer only) 
and the backdrop were dark. Therefore, we can conclude that these bright spots, 
which reflect the disruption of the orientational profile in the thin LC layer, are caused 
by the presence of immobilized oligonucleotides (Figure 5.4C). In contrast, in the 
absence of immobilized oligonucleotides or when the surface density of 
oligonucleotides is too low, the orientations of LCs remain homeotropic such that the 
appearance of the LCs is still dark (Figure 5.4D). 
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Figure 5.4. Optical images (under crossed polarizers) of LC cells with 5CB 
sandwiched between a DMOAP-coated glass slide and a TEA-coated glass slide with 
immobilized oligonucleotides. Their concentrations were 25 µM, 10 µM, 1 µM, 0.1 
µM and 0.01 µM respectively. The oligonucleotides were (A) 20 mers and (B) 25 
mers. Both were immobilized at 50°C for 2h. (C) and (D) show the schematic 




5.3.3 Effect of Oligonucleotide Length 
 
The imaging method demonstrated above can only be used to locate 25 µM of 
immobilized oligonucleotides on a solid substrate. To understand whether the 
sensitivity can be improved by increasing the length of oligonucleotide, we repeated 
the same experiment with a longer oligonucleotide (25 mer, D2). Figure 5.4B shows 
full bright spots appeared in the regions where 25 µM and 10 µM of oligonucleotides 
were immobilized whereas incomplete spots appeared in regions where 1 µM, 0.1 µM 
and 0.01 µM of oligonucleotides were immobilized. This result is similar to Figure 
Control 0.01 M 0.1 M














5.4A, but longer oligonucleotides affect the orientations of LCs more significantly 
and give more pronounced optical signals at lower concentrations.  
 
 
5.3.4 Orientations of LCs on Mixed TEA / DMOAP Surfaces 
 
Although the use of TEA multilayers allows the imaging of immobilized 
oligonucleotides on a dark backdrop, this system has a limitation. Because TEA 
multilayers are prone to hydrolysis, it may not be able to withstand standard DNA 
hybridization procedures. To address this issue, we prepared another aldehyde-
decorated surface by modifying it with a mixture of two organosilanes, TEA and 
DMOAP. The former provides the desired aldehyde functional groups whilst the latter 
aligns LCs homeotropically and gives a dark backdrop. To determine the optimal 
composition of these two components, glass slides were immersed in methanolic 
solutions containing various ratios of TEA and DMOAP. Then, we assembled LC 
cells comprised one mixed TEA / DMOAP-coated glass slide and one DMOAP-
coated glass slide to check the predominant orientations of LCs. Figure 5.5 shows that 
LC cells made from glass slides coated with a higher ratio of TEA (TEA:  DMOAP = 







Figure 5.5. Optical images (under crossed polarizers) of LC cells with 5CB 
sandwiched between a DMOAP-coated glass slide and a mixed TEA / DMOAP glass 
slide. The ratios of TEA:DMOAP were (A) 20:1 (B) 4:1 (C) 2:1 and (D) 1:1. 
 
On the other hand, LC cells made from glass slides coated with a higher ratio 
of DMOAP (TEA: DMOAP = 2:1 or 1:1) in Figure 5.5C and 5.5D exhibit uniform 
dark images. The surface was also characterized by using ellipsometry and water 
contact angle measurements (Figure 5.6). The water contact angle shows no 
increment after 2h of TEA coating. At the same time, the ellipsometric thickness 
shows that multilayers of TEA start to form on the surface. Thus, to prevent further 
formation of multilayers on surface, 2h was used as the coating time (with the ratio of 















Figure 5.6. The (A) ellipsometric thicknesses and (B) water contact angles of silicon 
wafers coated with mixed TEA / DMOAP (bottom) as the function of immersion time. 
 
 
5.3.5 Imaging Immobilized Oligonucleotides on Mixed TEA / DMOAP Surfaces 
 
To study the optical responses of LCs triggered by oligonucleotides immobilized on 
mixed TEA / DMOAP surfaces, we spotted amine-labeled oligonucleotides (D3) on 
the surfaces. An LC cell in Figure 5.7A shows that bright spots appeared in the 
circular regions where 25 µM and 10 µM of oligonucleotides were immobilized. The 
appearance of bright spots suggests that the immobilized oligonucleotides disrupt the 
orientations of LCs (Figure 5.7C). In contrast, regions where 1 µM, 0.1 µM and 0.01 
µM of oligonucleotides were immobilized remained dark, suggesting that LCs were 
not disrupted in these regions (Figure 5.7D). Figure 5.7A also shows that when 
oligonucleotides concentration exceeds a threshold value (i.e. 1 µM), the optical 
appearance of LCs experiences an abrupt dark-to-bright transition. We investigated 
this phenomenon further by subdividing the oligonucleotides concentrations between 
10 µM and 1 µM. As shown in Figure 5.7B, only circular regions with 10 µM, 8 µM 






appeared dark. This clear cut-off at a particular oligonucleotides concentration may 
provide crucial information when a DNA microarray protocol is developed.  
 
 
Figure 5.7. Optical images (under crossed polarizers) of LC cells with 5CB 
sandwiched between a DMOAP-coated glass slide and a mixed TEA / DMOAP glass 
slide with immobilized oligonucleotides D3. Their concentrations were (A) 25 µM, 10 
µM, 1 µM, 0.1 µM and 0.01 µM and (B) 10 µM, 8 µM, 4 µM, 2 µM, 1 µM, 0.5 µM 
and 0.25 µM respectively. Both were immobilized at 25°C for 4h. (C) and (D) show 
the schematic illustration of the orientations of 5CB supported on the area with and 
without immobilized oligonucleotides. 
 
 
5.3.6 Effect of Droplet Size on Detection Limit 
 
In order to study the effect of droplet size and improve the detection limit of this 
method, we reduced the volume of oligonucleotide solution for each spot to 100 nL 
and dispensed it onto a mixed TEA / DMOAP substrate with a spotting robot. LC 
image of the substrate in Figure 5.8 shows that bright spots appeared in the circular 
(A) 
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regions where 5.0 µM, 1.0 µM, 0.8 µM and 0.5 µM of oligonucleotides were applied 
to the surface. On the other hand, the region where 0.1 µM of oligonucleotides was 
applied remained dark. Obviously, when the spot size was reduced, the detection limit 
of the system had been improved from 4 μM (Figure 5.7B) to 0.5 μM. This detection 
limit is lower than the oligonucleotide concentration (> 1 μM) used in the preparation 
of most DNA microarrays (Gerion et al. 2003; Kim and Crooks 2007; Rozkiewicz et 
al. 2007). This observation is also in good agreement with a past study (Dandy et al. 
2007) which shows that when the spot size is reduced, the immobilization rate of 
oligonucleotides is increased. This will in turn increase the surface density of 
immobilized oligonucleotides in that area and disrupt the orientations of LCs. Another 
advantage of reducing the spot size lies in the improvement in the uniformity of the 
spots. In fact, a correlation between the oligonucleotide concentration and the 
interference color of the LCs can be established from Figure 5.8, which shows that the 
spot color follows the order of blue, purple, red to grey when the oligonucleotide 
concentration is decreased.  The change in the interference color is, in fact, caused by 
different titled angle of LCs as predicted by the Michel-Levy chart (Robinson and 
Davidson 2008). The correlation between the DNA concentration and LC interference 
color is very useful, because one can tell that any grey spots on the microarrays 







Figure 5.8. Optical image (under crossed polarizers) of an LC cell with 5CB 
sandwiched between a DMOAP-coated glass slide and a mixed TEA / DMOAP glass 
slide with immobilized oligonucleotides. Their concentrations were 5.0 µM, 1.0 µM, 




5.3.7 Assessing the Quality of a DNA Microarray Using LCs 
 
Since our original objective is to develop a method for assessing the quality of a DNA 
microarray before use, our new substrate and the imaging technique need to meet the 
following requirements. (1) LCs must report the spatial distribution of immobilized 
oligonucleotides faithfully. This property can allow us to pinpoint defects on a DNA 
microarray. (2) After the imaging process, one can easily remove LCs from the 
surface without affecting the immobilized oligonucleotides. The immobilized 
oligonucleotides can still perform as well as before contacting with LCs. To test 

















DNA microarray by spotting 10 µM of oligonucleotides on a TEA / DMOAP coated 
slide. Subsequently, the substrate was imaged with 5CB to assess its quality. Similar 
to our previous results, Figure 5.9A and 5.9B show distinct colorful spots, which are 
caused by the presence of immobilized oligonucleotides. Interestingly, close 
inspection of these spots also reveals certain defects which appear as dark holes 
(highlighted in red box in Figure 5.9A), which are probably caused by the absence or 
a very low density of immobilized oligonucleotides in these regions.  
 
 
Figure 5.9. (A) and (B) are optical images (under crossed polarizers) of LC cells with 
5CB sandwiched between a DMOAP-coated glass slide and DNA microarray slides 
with 10 µM of immobilized oligonucleotides. (C), (D) and (E) are fluorescence 
















Furthermore, our LC image also reflects two irregular spots (highlighted in red 
box in Figure 5.9B which might be caused by some dusts on the surface during the 
spot printing). We hypothesize that the dark portion of the hemicircle is also caused 
by the absence of immobilized oligonucleotides and the protruding portion of the 
second spot is caused by splashing of oligonucleotides solution during the spotting 
process. These observations suggest that many kinds of defects may exist due to 
surface inhomogeneity or defects on a DNA microarray even when these microarrays 
are printed by an automated robot. Without knowing the presence of these defects on 
the surface, a DNA microarray may provide misleading information after the DNA 
hybridization. To test our hypothesis and determine whether the actual spatial 
distribution of immobilized oligonucleotides is faithfully reflected by the LC image, 
we disassembled the LC cell and cleaned it with ethanol and DI water to remove LCs 
from the surfaces. Since the immobilized oligonucleotides were not fluorescently 
labeled and could not be examined directly, the DNA microarrays were hybridized 
with complementary FAM-labeled DNA targets (D4) first. Figure 5.9C, 5.9D and 
5.9E show fluorescence images of the same spots (as highlighted in Figure 5.9A and 
5.9B) after the hybridization. From Figure 5.9C, 5.9D and 5.9E, we can make several 
observations. First, the number and position of the dark spots in Figure 5.9C match 
those shown in Figure 5.9A. This result supports our hypothesis that the dark spots are 
due to the absence or very low density of immobilized oligonucleotides. Second, the 
shape of the fluorescent images shown in Figure 5.9D and 5.9E also match those in 
Figure 5.9B. Thus, we can conclude that LCs are very reliable in reporting the spatial 
distribution of immobilized oligonucleotides. Third, the fluorescence signals observed 
from Figure 5.9C, 5.9D and 5.9E suggest that our newly developed substrate is able to 





complementary probes on the surface. This result is important because it shows that 
the immobilized oligonucleotide probes are intact on the surface after they are 
“imaged” by the LCs.  
 
To provide a further evidence for the non-destructive property of LCs for 
immobilized oligonucleotides, we prepared two DNA microarrays with 0.5 µM of 
oligonucleotides spotted on two TEA / DMOAP-coated slides. One of the slides was 
imaged with 5CB whilst the other was served as a control. After the LC imaging 
process, the LC cell made from the first slide was disassembled and 5CB was rinsed 
off by using ethanol and DI water. Both microarrays were then hybridized with 
complementary FAM-labeled DNA targets (D4). Fluorescence images and their 
intensity profiles were shown in Figure 5.10. Apparently, intensity profiles across five 
different spots on both microarrays are comparable, suggesting that the microarray 
which has been in contact with LCs perform as well as the one without being contact 
with LCs. This leads us to conclude that this LC-based imaging technique is relatively 
non-destructive. LCs are deposited on the surface to investigate the spatial distribution 







Figure 5.10. (A) Fluorescence-labeled DNA targets were hybridized to DNA 
microarray which was not contacted with LCs. The intensity plot across five 
fluorescence spots showed the average intensity value of 60. (B) Fluorescence-labeled 
DNA targets were hybridized to DNA microarray after the microarray was contacted 
with LCs and the LCs were removed. The intensity plot across five fluorescence spots 
showed the average intensity value of 60, which was comparable with (A). 
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In summary, we have demonstrated a new label-free method for the imaging of 
oligonucleotides immobilized on DNA microarrays with LCs. We have developed a 
mixed TEA / DMOAP surface, which presented aldehyde functional groups and 
provided a dark backdrop, as a new DNA microarray substrate to accommodate this 
new imaging technique. After the immobilization of amine-labeled oligonucleotides 
and overlaying a thin layer of LCs, the optical image showed a very clear contrast 
between the oligonucleotides-bound areas and the dark background. We also noted 
that a clear transition of the optical appearance of LCs from dark to bright occurred at 
a particular oligonucleotides concentration. When the spot size was reduced, the 
detection limit was improved. This was accompanied by a correlation between 
interference colors and oligonucleotides concentrations and that serves as a basis for 
the quantification of immobilized oligonucleotides on a DNA microarray. Besides, the 
LC-based imaging method had shown to report the spatial distribution of immobilized 
oligonucleotides reliably. This enables the defects on DNA microarrays to be 
pinpointed before use. More importantly, the LC-based imaging method is non-
destructive to the immobilized oligonucleotides. After removing LCs from the surface, 
immobilized oligonucleotide probes were still able to hybridize with their 
complementary targets as was evident in our fluorescence experiments. The 
developed LC imaging method, which is simple and easy to use, may provide an 
unconventional yet powerful tool for assessing the quality of DNA microarrays and 
locating all surface defects before they are commissioned. This information is crucial 









DETECTING DNA TARGETS THROUGH THE FORMATION OF 




In the previous chapter, we only study the interactions of LCs with ssDNA covalently 
immobilized on the surface. In this chapter, we further study the interactions of LCs 
with target DNA hybridized to the ssDNA. The objective of this study is to develop a 
LC-based tool to detect DNA targets with specific sequence for diagnostic 
applications and pathogen detections. Because DNA targets from biological samples 
are not labeled, we use LCs to achieve label-free detection. Colorful optical 
appearances of LCs offer a unique way to discriminate the complementary from the 









Identification and detection of single nucleotide polymorphisms of DNA has become 
increasingly important in modern bioanalytical chemistry (Call et al. 2003; Heller 
2002). Their importance is greatly attributed by the rapid growth of microarray 
technology which can be used to detect thousands of DNA targets in a single 
experiment. Conventionally, a DNA microarray consists thousands or even millions 
of synthetic DNA probes with different sequences on a solid surface. Fluorophore-
labeled DNA targets then hybridize to their complementary DNA probes on the 
surface, and the fluorescence signal can therefore be detected by using a microarray 
scanner. However, using fluorophore label is subjected to photobleaching and 
quenching effects, which pose a challenge in the fluorescence based detection method. 
In view of this, numerous alternative label-free detection methods such as surface 
plasmon resonance (SPR) and ellipsometry have been developed to overcome the 
challenge (Bally et al. 2006; Schaferling and Nagl 2006). However, these methods 
require additional instrumentation which is bulky and not feasible for point-of-care 
testing. Recently, a label-free detection method based on thermotropic liquid crystals 
(LCs) has attracted much attention because of many advantages associated with it (Bi 
et al. 2009; Chen and Yang 2010; Clare and Abbott 2005; Kim et al. 2005; Lai et al. 
2009; Skaife et al. 2001; Xue et al. 2009; Xue and Yang 2008). First, this method is 
simple to apply. By laying a thin film of LC on the target surface, the signal can be 
read directly. Second, the responses from LC can be readily observed with the naked 
eye under ambient lighting without the need of electricity, making it feasible to be 
used for point-of care testing. Thirdly, the high spatial resolution of LC permits high 






One proven working principle of using LC for DNA detection is based upon 
the interactions between LC molecules and DNA on a solid surface. For example, we 
have reported earlier in a study where LC are used as a tool to image the single-
stranded DNA (ssDNA) probes immobilized on solid surface (Lai et al. 2009). When 
immobilized ssDNA probes on the surface reach a threshold concentration, the 
orientations of LC are disrupted by the DNA probes and give bright signal under 
crossed polarizers because of the birefringent property of LC. The order of 
birefringent color of the LC also increases with the increasing DNA probes 
concentration, indicating that the orientations of LC are affected by the surface 
density of DNA probes. However, in this previous work, we only studied the 
interactions between LC and ssDNA covalently immobilized on the surface but not 
the interactions between LC and double-stranded DNA (dsDNA). Later, Chen and 
Yang reported that LC can be used to detect DNA targets (Chen and Yang 2010). In 
this protocol, DNA targets are first hybridized to DNA probes on fumed silica. The 
remaining DNA targets in the solution are then transferred onto surface for LC 
detection. Nevertheless, the method used in this study is indirect and is complicated 
for high throughput analysis. In a separate work by Kim and co-workers, they studied 
the interactions of LC with ssDNA and dsDNA and found that LC supported on solid 
surfaces decorated with ssDNA appear dark while LC supported on solid surfaces 
decorated with dsDNA appear bright (Kim et al. 2005). Despite the promise of their 
method in differentiating ssDNA and dsDNA, they did not report the specificity of 






A serious problem encountered when LC are used to detect DNA immobilized 
on solid surfaces is reproducibility. In our previous work, it was found that LC 
supported on ssDNA do not give a uniform optical textures especially at the threshold 
concentration (Chen and Yang 2010; Lai et al. 2009). In contrast, LC supported on 
proteins tend to give more uniform interference colors (Xue and Yang 2008). Our past 
studies also showed that the threshold concentration for DNA and proteins to disrupt 
LC supported on DMOAP-coated slide are 3.95 and 0.37 g/ mL, respectively (Lai et 
al. 2009; Xue and Yang 2008), suggesting that the bigger size of proteins can assist 
the adsorption of proteins and the disruption of LC supported on them. Because DNA 
are smaller and linear molecules, it is more difficult for DNA to adsorb on solid 
surfaces and disrupt the orientations of LC.  
 
In this study, to produce a pronounced and uniform LC optical image, we 
introduced surfactants to the DNA solution. We hypothesize that surfactants can form 
complexes with DNA and assist the disruption of LC on the basis of some past studies 
showing that the orientations of LC are very sensitive to the presence of surfactants. 
For example, Brake and Abbott and Lockwood et al. studied the influence of 
surfactants (such as CTAB and SDS) adsorbed at the LC-aqueous interface on the 
orientations of LC (Brake and Abbott 2002; Lockwood et al. 2005). They found that 
when the surfactants are above a threshold concentration, the orientations of LC 
change from planar to homeotropic. This transition of orientations occurs mainly due 
to the interactions between LC and the hydrocarbon tail of the surfactants. In this 
work, we investigate how the introduction of different surfactants on ssDNA 





exploited to develop a simple, label- and instrument-free platform to detect DNA 
targets on solid surface. 
 
 
6.2 Experimental Section 
 
Materials 
Microscope glass slides (Fisher’s Finest) were purchased from Fisher (U.S.A). N,N-
dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP), sodium 
cyanoborohydride (NaBH3CN), Tween-20 were purchased from Sigma Aldrich 
(Singapore). Cetyl trimethylammonium bromide (CTAB) and thermotropic LC, 4-
cyano-4’-pentylbiphenyl (5CB) were purchased from Merck (Singapore). 
(Triethoxysilyl) butyl aldehyde (TEA) was purchased from United Chemical 
Technologies (U.S.A).  Sodium dodecyl sulfate (SDS) was purchased from USB 
Corporation (U.S.A). HPLC-purified PNA probes, GTGGC TCGAT ATAAT 
ATGCA AAAGC (P1) were purchased from Panagen (Korea). The PNA probe carries 
a primary amine group at its N-terminus. DNA probes with the following sequences: 
5'-NH2-GTGGC TCGAT ATAAT ATGCA AAAGC-3' (D1), 5'-NH2-CTGCA 
TGTTC TGGTA CTAAA CCTGA-3' (D2), 5'- GCTTT TGCAT ATTAT ATCGA 
GCCAC-3' (T1), 5'-Cy3-GCTTT TGCAT ATTAT ATCGA GCCAC-3' (T1-Cy3), 5’-
Cy3-TCAGG TTTAG TACCA GAACA TGCAG-3’ (T2), and 5’-Cy3-GCTTT 
TGCAT ATAAT ATCGA GCCAC-3’(T3) were HPLC-purified and purchased from 






Preparation of DMOAP/ TEA-Coated Slides 
Microscope glass slides were immersed in a 5% Decon-90 solution overnight, and 
sonicated for 15 min at the end of the immersion. After this, the Decon-90 solution 
was decanted, and the slides were sonicated in DI water for 15 min followed by 
rinsing thoroughly with DI water. To functionalize the surfaces, the cleaned glass 
slides were immersed in an aqueous solution containing 0.1% (v/v) of DMOAP for 1 
min. Then, the glass slides were rinsed with copious amounts of DI water, dried under 
nitrogen flow and heated in a 100 °C vacuum oven for 15 min. After this, the 
DMOAP-coated glass slides were immersed in a methanolic solution containing 3% 
(v/v) of TEA for 4 h. Then, the coated glass slides were rinsed with methanol, dried 
under nitrogen flow and heated in a 100 
o
C vacuum oven for 15 min. All slides were 
used immediately after the surface functionalization. 
 
Immobilization of DNA and PNA Probes on Solid Surfaces 
To immobilize DNA or PNA probes on a mixed DMOAP/ TEA-coated surface, 20 
mM of Tris buffer (pH 8.5) containing 100 mM of MgCl2 and 50 mM of NaBH3CN 
was used to dissolve DNA or PNA probes (P1, D1 or D2). 0.1 µL of DNA solution 
was spotted onto the mixed DMOAP/ TEA-coated surface with a spotting robot 
(Biodot, U.S.A.). The diameter of each spot was 0.8 mm and the distance between 
two spots was 1.5 mm. Humidity was maintained at 90% during the spotting process. 
After 18 h of incubation in a humid environment, the slides were sonicated in 
methanol for 2 min. The slides were then incubated in 2×SSPE buffer (pH 7.4) 





probes. After the incubation, the slides were washed with the same incubation buffer 
twice (5 min each) and dried under the nitrogen gas. 
 
DNA Hybridization 
Glass slides decorated with DNA or PNA probes were incubated in 2×SSPE buffer 
containing 0.2% of SDS and 5 µM of DNA targets (T1, T2 or T3) underneath a Lifter 
slip (Erie Scientific, U.S.A.). After the hybridization at 23°C (room temperature) for 
15 h, the slides were washed with the same hybridization buffer (2×SSPE buffer 
containing 0.2% of SDS) twice (5 min each) and dried under the nitrogen flow. To 
confirm the successful hybridization of DNA targets to their complementary probes 
(i.e. D1 with T1 and D2 with T2), Cy3-labeled DNA targets were used in the 
hybridization.  
 
Formation of DNA/Surfactant Complexes 
Glass slides immobilized with 10 μM of DNA or PNA probes were immersed into 
aqueous solution containing Tween-20 (0.06 mM), SDS (8 mM), or CTAB (1 mM 
unless otherwise stated below) for 1 min. After this, the slides were rinsed with DI 
water for 10 s and dried under nitrogen gas. In some control experiments, LC cells 
were dissembled and rinsed with ethanol to remove the LC on the surface. For the 
desorption of CTAB, glass slide decorated with DNA probes was immersed into 10 







Thicknesses of DNA and CTAB immobilized on surfaces were characterized by using 
ellipsometry WVASE32 (J. A. Woollam, U.S.A.). Scanning spectra were acquired 
between 500-1000 nm at two different incidence angles, 65° and 75°, respectively. 
The thickness of DNA or CTAB on a surface was determined by using a two-layer 
model consists of a 1-mm thick silicon (Si.MAT) base layer and a Cauchy 
(CAUCHY.MAT) layer representing a thin DNA or CTAB layer on the surface. To 
ensure the reproducibility and minimize the errors of the ellipsometric measurements, 
three different spots were measured and the thickness values were averaged for each 






Γ      (1) 
where Γ is the mass per unit area (g/ cm2) and d is the measured effective thickness 
(cm). n1 is the refractive index of the layer and its value is 1.46 for both DNA and 
CTAB (Elhadj et al. 2004). n2 is the refractive index of the bulk solution which is 1.33, 
dn/ dc is the refractive index increment per unit concentration which is 0.175 cm
3
/ g 
for DNA (De Paul et al. 2005) and 0.150 cm
3
/ g for CTAB (Ekwall et al. 1971).  
 
Fluorescence Detection 
The glass slides were scanned by using a microarray scanner GenePix 4100A 
(Molecular Devices, U.S.A.) with a 575DF35 bandpass filter (550-600 nm). The 
spatial resolution was maintained at 40 μm and the PMT gain used was 400 in all 





provided by the manufacturer. Calibration of the scanner was carried out by using the 
hardware diagnostic tool in GenePix Pro 6.1 to scan a calibration slide provided by 
the manufacturer.  
 
Fabrication of Liquid Crystals (LC) Cell 
An LC cell was fabricated by sandwiching two glass slides together, one was a 
DMAOP-coated slide and the other was a slide decorated with DNA or PNA probes. 
Two slides were separated by using two strips of spacer (~ 6 μm) and secured with 
two binder clips. The DMOAP-coated slide was used because it is known to cause 
homeotropic orientations of LC (Kahn 1973; Kocevar and Musevic 2003a). 
Approximately 3 μL of 5CB was drawn into the cavity formed between the two slides 
through capillary force. The optical image of the cell was observed by using a 
polarizing optical microscope (Nikon, Japan) in transmission mode. Each image was 
captured by a digital camera mounted on the microscope using an exposure time of 
40







6.3 Results and Discussions 
 
6.3.1 Optical Image of LC Supported on DNA/ Surfactant Complexes 
 
To study the effect of surfactants on DNA and its interactions with LC, we first 
prepared surfaces decorated with circular regions of 10 μM of DNA. These surfaces 
were then immersed into aqueous solutions containing different types of surfactants, 
such as CTAB (1mM), SDS (8mM) and Tween-20 (0.06 mM), respectively. After 
rinsing and drying, LC cells were made by using these surfaces to examine the effects 
of surfactant. Figure 6.1A shows that when there is no surfactant in the solution 
(control experiment), the DNA spots appear bright on a dark background. This result 
is in agreement with our previous study showing that the DNA immobilized on a solid 
surface is able to disrupt the homeotropic orientations of LC (Figure 6.2A) (Chen and 
Yang 2010; Lai et al. 2009).  
 
 
Figure 6.1. (Top) Effect of DNA/ surfactant complexes on the orientations of LC. 
The surface was decorated with 10 µM of DNA and (A) no surfactant, (B) 1 mM of 
CTAB, (C) 8 mM of SDS and (D) 0.06 mM of Tween 20. (Bottom) Effect of PNA/ 
surfactant complexes on the orientations of LC. The concentration of PNA used is 10 
µM and the concentrations of surfactant are the same as (A-D).  









Interestingly, Figure 6.1B shows that if the surface is treated with CTAB, then 
the DNA spots appear dark. In contrast, Figure 6.1C and 6.1D show that when SDS 
and Tween-20 are used, the DNA spots remain bright. Furthermore, Figure 6.1E-6.1H 
show that when the DNA probes were replaced with electroneutral PNA probes, then 
all of the PNA spots appear bright, regardless the treatment of surfactants. These 
results, when combined, suggest that CTAB plays an important role in this system 
through its electrostatic interactions with DNA and LC. Because CTAB is a cationic 
surfactant, it can form complexes with negatively-charged DNA (but not 
electroneutral PNA) through electrostatic attraction. Furthermore, its long 
hydrocarbon chain is known to interact with 5CB and causes a homeotropic 
orientation near the surface (Figure 6.2B) (Dierking 2003; Gupta and Abbott 1996b; 
Mullin et al. 1989). Because SDS is anionic, it does not form complexes with DNA. 
Even though Tween-20 can interact with DNA and PNA probes through hydrogen 
bonds, they are probably weaker than the electrostatic attraction between DNA and 








Figure 6.2. Schematic illustration of the orientations of LC on (A) DNA probes, (B) 
DNA/ CTAB complexes, (C) PNA probes, and (D) PNA/ DNA/ CTAB complexes. 
Drawings are not to scale. 
 
 
6.3.2 Reversible Formation of DNA/ CTAB Complexes 
 
To confirm whether the formation of DNA/ CTAB complex causes the change in the 
optical image of LC, the LC cell shown in Figure 6.1B was dissembled and rinsed 
with ethanol to remove the LC completely from the surface. The slide was then 
immersed into 150 mM of NaCl solution to remove the CTAB from the DNA probes 






























surface and re-assembly of the LC cell, the DNA spots become bright again. 
Subsequently, the LC cell was disassembled and treated with 1 mM of CTAB.  Figure 
6.3B shows that after the LC cell was reassembled, the DNA spots become dark. 
These results further support that CTAB can complex with DNA probes reversibly 
and change the orientation of LC in contact with DNA probes to homeotropic. 
 
0  
Figure 6.3. The reversibility of the adsorption of CTAB on DNA probes. The optical 
images of LC show the same LC cell in Figure 6.1B which was treated with (A) 150 
mM NaCl and (B) 1 mM CTAB. 
 
 
6.3.3 Effect of CTAB Concentrations 
 
To study the effect of CTAB concentrations on the DNA and LC, we immersed the 
surface decorated with DNA probes into different concentrations of CTAB solutions 
before making them into LC cells. Figure 6.4 shows that when the concentration of 
CTAB is 0.001 mM, the DNA spots appear bright, probably because the surface 
density of CTAB is too low to influence the orientations of the LC. When the CTAB 
concentration is 0.01 mM, the DNA spots start to appear white-grey color and the 
light intensity decreases. This result indicates that the orientation of the LC becomes 








At CTAB concentration of 0.1 and 1 mM, DNA spots appear as dark. This suggests 
that at least 0.1 mM of CTAB is required to reach a surface density that is sufficient to 
cause the homeotropic orientation of the LC. By using ellipsometry, we estimated that 
when 0.1 mM of CTAB is used, the corresponding DNA probe and CTAB surface 








, respectively. These 
two numbers suggest that the CTAB: DNA ratio in the DNA/ CTAB complex is 12:1 
(positive/negative charge ratio is approximately 1:2). Because at least 0.1 mM of 
CTAB is needed, this concentration is used in the following experiments. 
 
 
Figure 6.4. Comparison of the concentrations of CTAB on the light intensity of LC 
and surface density on 10 µM DNA spots. The concentrations studied were 0.001, 
0.01, 0.1, and 1 mM of CTAB. Figures inset show the optical image of LCs at the 







6.3.4 Optical Image of LC with PNA/ DNA Targets on Solid Surface 
 
Because only DNA (but not PNA) is able to attract CTAB, and CTAB is able to cause 
homeotropic orientation of LC, we designed a new principle for detecting DNA 
targets by using PNA as probes as shown in Figure 6.2C and 6.2D. We hypothesize 
that CTAB can form complexes with DNA targets hybridized to PNA probes, and 
then causes the LC to assume homeotropic orientation and appears dark. In the 
absence of DNA targets, CTAB cannot form complexes with PNA. Thus, LC will 
assume planar orientation and appears bright as shown in Figure 6.1F. To test this 
hypothesis, we immobilized two rows of PNA spots (PNA concentrations used were 5 
and 10 μM, respectively) on a solid surface. The surface was then immersed in a 
solution containing 5 μM of DNA targets (T1) for hybridization. Before LC cells were 
made, the surface was treated with 0.1 mM of CTAB. Figure 6.5A shows that the 
PNA spots in the first row (10 μM) are light-orange whereas the PNA spots in the 
second row (5 μM) are dark. In contrast, in the absence of DNA, PNA spots in both 
rows appear colorful (Figure 6.5B). The optical image in Figure 6.5A suggests that 
the dark image of 5 μM PNA spots is caused by the presence of PNA/ DNA/ CTAB 
complexes which change the LC in homeotropic orientations. Surprisingly, the 10 μM 
PNA spots which are supposed to capture more DNA targets than 5 μM PNA spots 







Figure 6.5. The optical images of LC show 10 and 5 µM of PNA spots were 
hybridized to (A) 5, and (B) 0 µM of DNA targets (T1) before treating with 0.1 mM 
CTAB. To study the effect of DNA target concentrations on the optical images of LCs, 
glass slides with same concentration of PNA spots were hybridized with (C) 1 and (D) 
0.1 µM of DNA targets (T1) before treating with 0.1 mM CTAB. 
 
 
To understand this further, we repeated the experiment by using Cy3-labeled 
DNA targets (T1-Cy3). Figure 6.6 shows the fluorescence images and the 
fluorescence intensity plots of 5 and 10 μM PNA spots hybridized with 5 μM T1-Cy3 
before (Figure 6.6A) and after (Figure 6.6B) treating with CTAB. We can draw 
several conclusions from Figure 6.6. First, the fluorescence intensities of the PNA/ 
DNA duplexes spots do not change much before and after the CTAB treatment 
(Figure 6.6C). This suggests that the presence of CTAB does not affect the binding of 
DNA targets to the PNA probes. Second, the fluorescence intensity for both 5 µM and 
10 µM PNA/ DNA duplexes spots is about the same (Figure 6.6D), indicating that the 
same amount of T1-Cy3 hybridized to 5 µM and 10 µM PNA probes. This is probably 
because the higher PNA probe density (10 µM) results in higher steric hindrance and 
prevents more DNA from hybridizing to the surface (Peterson et al. 2001; Shchepinov 
et al. 1997). Even though both 5 µM and 10 µM PNA spots have the same amount of 
DNA targets, the optical image of LC in Figure 6.5A for both spots is not the same. 
As suggested by previous studies (Lai et al. 2009; Xue et al. 2009), another factor 
which affects to the orientations of LC is the surface density of the PNA probes. The 

















 and respectively. With lower density of 5 µM PNA 
probes, the disruption of the LC orientations is lowered and with the assistance of 
CTAB, homeotropic orientations of LC can be induced. This may explain why only 
the optical image of LC at 5 µM PNA spot appears as dark whereas the 10 µM one 
does not.  
 
 
Figure 6.6. Effect of CTAB on the binding stability of DNA targets on PNA probes. 
The fluorescence images of PNA/ DNA duplexes spots (A) before and (B) after 
treating with 0.1 mM CTAB. The fluorescence intensity plot across the red lines is 
shown in (C) and (D) respectively. (C) is the fluorescence intensity plot for 5 µM 
PNA spots before and after treating with CTAB. (D) is the fluorescence intensity plot 
for 5 and 10 µM PNA spots hybridized to 5 µM DNA targets. 
 
 
We further decreased the concentration of DNA targets and studied its effect 
on the optical image of LC. Figure 6.5C and 6.5D show that the 5 µM PNA spots are 
dark when 1 µM DNA targets are used and the spots remain as bright color when 0.1 
µM DNA targets are used. The homeotropic anchoring of LC cannot be induced by 











DNA targets on the PNA probes (by measuring the fluorescence intensity and 
compared with Figure 6.5C) and the LC disruption effect by the surface density of 
PNA. These results, when combined, led us to conclude that CTAB molecules 
adsorbed on the PNA/ DNA duplexes spots can be used to detect the DNA targets and 
differentiated from the spots with only PNA probes. 
 
  
6.3.5 Specificity of Detection 
 
Finally, we studied the specificity of the developed DNA assay by hybridizing the 
PNA probes to the single-base mismatch (T3) and non-complementary DNA targets 
(T2). Figure 6.7 shows that the optical image of LC is dark on the PNA/ T1 spots, grey 
on the PNA/ T3 spots and bright on the PNA/ T2 spots. Because T2 targets are not 
complement to PNA probes, they do not form PNA/ T2 duplexes to attract CTAB 
molecules. T3 targets with single base mismatch can hybridize to PNA probes and 
attract CTAB molecules but the amount of T3 hybridized is lower than T1 due to the 
instability of PNA/ T3 duplexes in the presence of a single base mismatch. Once again, 
our results show that DNA targets hybridized to a PNA array can be detected by using 
LC with the assistance of CTAB. This method is simple to apply and can be used to 







Figure 6.7. Specificity of DNA targets detection. The optical images of LC for 5 µM 
PNA spots hybridized to 5 µM of (A) DNA targets (T1), (B) single-base mismatch 
DNA targets (T3), and (C) non-complementary DNA target (T2). All surfaces were 





Electrostatic attraction between negatively charged DNA and positively charged 
CTAB causes the formation of DNA/ CTAB complexes on the surface, and that can 
be reflected by the dark optical image of LC supported on the surface. It was shown 




of CTAB to interact with 
DNA probes in order to cause the LC to turn dark. In contrast, because PNA with its 
electroneutral backbone does not attract CTAB, LC supported on PNA remains bright. 
These findings were used to detect DNA targets which were hybridized to the PNA 
probes immobilized on solid surfaces. It was shown that after treating the surface with 
CTAB, the optical image of LC on PNA/ DNA was dark while on PNA probes only 
was bright. The significant contrast between the single-stranded strands and double-
stranded strands was further employed to discriminate complementary DNA targets 
from non-complementary ones. On the basis of these conclusions, this LC-based 
DNA assay shows promise to be a simple, instrument-free and label-free method for 
DNA analysis. 










SELF-ASSEMBLY OF CHOLESTEROL DNA AT LIQUID 




Despite the advantages of using LCs to detect DNA targets on solid surface such as 
the feasibility for high throughput analysis and label-free detection, the long duration 
of DNA hybridization makes this method not feasible for real-time detection. In this 
chapter, we investigate DNA hybridization at an LC/water interface, and use this 
system to develop an LC-based tool which can detect the DNA targets hybridization 





Recent interest in the detection of pathogens and viruses has driven the development 





molecular beacon (MB) homogenous hybridization system, employs the fluorescence 
signals to transduce the events of DNA hybridization. Although the MB system has 
high specificity and selectivity to discriminate single base-pair mismatch in a DNA 
sequence (Antony and Subramaniam 2001; Liu et al. 2000; Marras et al. 1999; Wang 
et al. 2002), it is not convenient for point-of-care applications due to the need of 
additional light source and filter sets to detect the fluorescence signals. Recently, 
several studies have reported an experimental system in which an LC/ aqueous 
interface is exploited as an imaging tool. By using this system, one can observe real-
time adsorption of proteins, surfactants, lipids, polymers or even biomolecular 
binding events occur at the interface (Brake and Abbott 2002; Brake et al. 2003a; 
Gupta et al. 1998; Hartono et al. 2008; Hartono et al. 2009a; Hartono et al. 2009b; 
Lockwood et al. 2008; Price and Schwartz 2008; Shah and Abbott 1999, 2001; Yang 
et al. 2004, 2005). For example, Price and Schwartz self assembled a layer of DNA 
probes at the LC/ aqueous interface and used that as a sensing platform to detect DNA 
targets (Price and Schwartz 2008). This system is interesting because DNA 
hybridization can lead to changes in the optical signals of LCs visible to the naked eye. 
However, DNA probes do not possess well-controlled orientations and have multiple 
anchoring points at the LC/ aqueous interface, which may affect the DNA 
hybridization efficiency. To address this issue, we designed a cholesterol-labeled 
DNA (Chol-DNA) which has a cholesterol hydrophobic headgroup attached to a 
hydrophilic DNA tail (5’-TTTAG TACCA GAACA TGCAG-3’) at the 3’ end. Based 







7.2 Experimental Section 
 
Materials 
Glass slides were obtained from Marienfeld (Germany). N,N-dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP) was purchased from Sigma Aldrich 
(Singapore). Nematic LCs, 4-cyano-4’-pentylbiphenyl (5CB) was purchased from 
Merck (Singapore). 100-mesh iron TEM grids with a thickness of ~20 µm were 
obtained from Pacific Grid-Tech (U.S.A). 20mer cholesterol-labeled DNA (Chol-
DNA), 5’- TTTAG TACCA GAACA TGCAG [Cholesteryl-TEG]-3’, was obtained 
from Operon (Germany). Complementary DNA target, 5’-CTGCA TGTTC TGGTA 
CTAAA CCTGA-3’, non-complementary DNA target, 5’-GTGGC TCGAT ATAAT 
ATGCA AAAGC-3’, 1 base-pair mismatch target, 5’-CTGCG TGTTC TGGTA 
CTAAA CCTGA-3’, and 2 base-pair mismatch target, 5’-CTGAA AGTTC TGGTA 
CTAAA CCTGA-3’, were obtained from Sigma Aldrich (Singapore). All solvents 
used in this study were either analytical or HPLC grades. 
 
Surface Modifications of Glass Slides 
Glass slides were first cleaned in a 5% Decon-90 solution for 2 h, sonicated in DI 
water and dried under a stream of nitrogen. Next, they were immersed in an aqueous 
DMOAP solution (0.1%) for 5 min and then rinsed with copious amounts of DI water. 
The DMOAP-treated glass slides were dried under a stream of nitrogen and heated in 






Preparation of 5CB-Loaded TEM Grids 
Iron grids were cleaned in methanol, ethanol and acetone sequentially and then heated 
at 100 °C overnight prior to use. The grids were placed on the surface of a DMOAP-
treated glass slide. Next, approximately 0.1 µL of 5CB was deposited onto the grids 
and excess 5CB was withdrawn by contacting the 5CB droplet on the grid with a 
capillary tube. 
 
Adsorption of Cholesterol-labeled DNA 
A container was filled up with 250 μL of DNA solution containing 5 μM of Chol-
DNA, 20 mM of Tris-HCl buffer (pH 8.5) and 5 mM of MgCl2. The 5CB-loaded grids 
were then submerged into the solution. The system was left to reach equilibrium at the 
5CB/aqueous interface.  
 
DNA Hybridization 
Tris-HCl buffer (20 mM, pH 8.5) containing 5 mM of MgCl2 and non-complementary 
DNA targets was added to the equilibrated Chol-DNA solution system. The 
experiment was repeated by using complementary, 1 base-pair mismatch and 2 base-
pair mismatch DNA targets. The DNA targets concentration was 1× of the Chol-DNA 






Optical Examination of LC Texture 
The optical appearance of the 5CB was observed by using a Nikon polarizing optical 
microscope (Japan) in transmission mode. Each image was captured by a digital 
camera mounted on the microscope using an exposure time of 
40
1 of a second. 
 
 
7.3 Results and Discussions 
 
To test whether this molecule can self assemble at the LC/ aqueous interface, we 
placed a TEM grid (stainless steel, 100-mesh) on a DMOAP-coated glass slide and 
filled the grid with 0.1 µL of LCs, 4-cyano-4’-pentylbiphenyl (5CB) (Hartono et al. 
2008; Hartono et al. 2009a; Hartono et al. 2009b). The 5CB-loaded grid was then 
immersed into a solution containing 10 μM (69 µg/ mL) of Chol-DNA. Figure 7.1A 
shows that the optical appearance of 5CB was bright right after the immersion (0 h). 
Thus, we can conclude that the orientation of 5CB is planar/ tilted at the 5CB/ 
aqueous interface (Brake and Abbott 2002). After 24 h, however, the optical 
appearance of 5CB changed from bright to dark (Figure 7.1A), indicating that the 
initial orientation of 5CB had changed from planar/ tilted to homeotropic orientation. 
In contrast, when another 5CB-loaded grid was exposed to a solution containing  
10 μM (77 µg/ mL) of unlabeled DNA (no cholesterol label), the optical appearance 
of 5CB remained bright after 24 h (Figure 7.1B). These results suggest that the 
hydrophobic cholesterol label can cause the Chol-DNA to self-assemble at the 5CB/ 





5CB trigger the orientational changes of 5CB at the interface, and as a result, the 
optical textures of 5CB change from bright to dark. This process can be illustrated in 
Figure 7.2A. This is also in good agreement with a number of past studies showing 
that the formation of a surfactant monolayer at the 5CB/ aqueous interface triggers the 
orientational changes of 5CB from planar/ titled to hometropic (Hartono et al. 2008; 
Hartono et al. 2009a; Hartono et al. 2009b). 
 
 
Figure 7.1. Self-assembly of Chol-DNA at the 5CB/ aqueous interface and the optical 
responses of 5CB after 24 h. The aqueous solution is Tris buffer (20 mM, pH 8.5) 
containing 5 mM of MgCl2 and (A) 10 μM (69 µg/ mL) of Chol-DNA, (B) 10 μM  
(77 µg/ mL) of cholesterol-free DNA, and (C) 5 μM (34 µg/ mL) of Chol-DNA. 
(Scale bar, 200 μm) 
 








Figure 7.2. Schematic illustration of two different orientations of 5CB. (A) Before 
and (B) after the hybridization of self-assembled of Chol-DNA probes with 
complementary DNA targets. 
 
 
To further study this phenomenon, we lowered the concentration of the Chol-
DNA from 10 μM (69 µg/ mL) to 5 μM (34 µg/ mL). Figure 7.1C shows that the 
optical appearance of 5CB experienced some color changes to orange after 24 h. The 
optical appearance of 5CB did not change to dark as in Figure 7.1A, indicating that 
the interfacial density of Chol-DNA was not sufficient to trigger any orientational 
changes of 5CB. Past studies have shown that the change in the orientation of 5CB 
correlates well with the density of the amphiphilic molecules adsorbed at the 5CB/ 
aqueous interface. Typically, a high density of interfacial amphiphilic molecules 
results in a homeotropically oriented 5CB,  which appears dark under the crossed 
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the interfacial density is lower than a critical value, the orientation of 5CB remains 
planar/ tilted. Under this condition, 5CB appears bright under the crossed polars. 
From Figure 7.1, we can conclude that 10 μM (69 µg/ mL) of Chol-DNA is the 
minimum concentration needed to cause the interfacial density of Chol-DNA to be 
higher than the critical value. Slightly lowering the concentration will cause the 
interfacial density of Chol-DNA to fall below the critical value and make the 
underlying 5CB appears bright. To obtain a DNA sensing system which is most 
sensitive to the interfacial density of Chol-DNA, all LC sensing systems were 
prepared by using 5CB in contact with 10 μM (69 µg/ mL) of Chol-DNA in the 
following experiments. 
 
 Next, because the optical texture of 5CB is critically coupled to the interfacial 
density of Chol-DNA, we exploited this phenomenon to detect DNA targets. We 
added non-complementary DNA targets (5’-GTGGC TCGAT ATAAT ATGCA 
AAAGC-3’) solution (concentration used is 1× of the Chol-DNA probes 
concentration) to an LC sensing system. After 15 min, the optical images of 5CB 
remained dark (Figure 7.3A). This is expected because non-complementary DNA 
targets do not hybridize with Chol-DNA. Subsequently, complementary DNA targets 
(5’-CTGCA TGTTC TGGTA CTAAA CCTGA-3’) was added to the system 









Figure 7.3. Optical responses of 5CB to (A) non-complementary DNA targets after 
15 min, and (B-D) complementary DNA targets after 5, 10 and 15 min. The 
concentration of DNA targets used was 1× of the Chol-DNA probes concentration. 
(Scale bar, 200 μm) 
 
 
Interestingly, continuous changes in the optical appearances of 5CB from dark 
to bright can be observed within 15 min (Figure 7.3B-D). The transition from dark to 
bright appearance indicates that the density of the interfacial Chol-DNA decreases 
when the Chol-DNA probes hybridize to their complementary targets. We 
hypothesize that when the complementary DNA targets hybridize to the Chol-DNA 
probes at the interface, the DNA duplexes favor the aqueous phase because of higher 
negative charges in the backbones (Figure 7.2B). As a result, DNA hybridization 
leads to the desorption of Chol-DNA duplexes from the 5CB/ aqueous interface, 
causing the interfacial Chol-DNA density to fall below the critical value and that 
triggers the optical response of 5CB underneath. 
 
To investigate the specificity of the LC sensing system in discriminating 1 
base-pair mismatch and 2 base-pair mismatch DNA targets from perfectly match 
DNA targets, we added 1 base-pair mismatch target (1MM, 5’-CTGCG TGTTC 
TGGTA CTAAA CCTGA-3’) and 2 base-pair mismatch target (2MM, 5’-CTGAA 





AGTTC TGGTA CTAAA CCTGA-3’), respectively, to the system (concentration 
used is 1× of the Chol-DNA probes concentration, respectively). Figure 8.4 shows the 
evolution of optical textures of 5CB with time after the addition of 1MM (Figure 7.4A) 
and 2MM (Figure 7.4B) DNA targets. Figure 7.4A shows some color changes of 5CB 
after the addition of 1MM DNA targets to the system in 5 min, indicating the 
decreased in the interfacial density of the Chol-DNA due to the hybridization of Chol-
DNA probes and the 1MM DNA targets. However, there were no further changes in 
the optical texture of 5CB after 15 min and 5CB did not turn to the bright orange 
color as shown in Figure 7.3D (results for perfectly matched DNA targets). This 
indicates that the interfacial density of DNA in Figure 7.4A is higher than that in 
Figure 7.3D. This is likely due to the mismatch base pairing which leads to the 
reduced affinity binding of 1MM targets to the Chol-DNA probes and decreases the 
desorption of interfacial DNA.  
 
 
Figure 7.4. Optical responses of 5CB to (A) 51 µg/ mL of 1MM DNA targets, and (B) 
51 µg/ mL of 2MM DNA targets. Images were taken at 0, 5, and 15 min after the 
addition of the DNA target solution. The concentration of DNA targets used was 1× 
of the Chol-DNA probes concentration. (Scale bar, 200 μm) 
 







On the other hand, Figure 7.4B shows no changes in the optical appearance of 
5CB after 15 min exposed to the 2MM DNA targets. The affinity binding of 2MM 
targets to the Chol-DNA probes was reduced further with the increased in the 
mismatch base pairing. These results suggest that the system is able to discriminate up 
to 1 base-pair mismatch DNA targets by observing the degree of the color change of 
5CB over the course of 15 min. We conclude that the use of self-assembled Chol-
DNA at the 5CB/ aqueous interface can be applied to detect the DNA targets with a 
specific sequence. The procedure is very simple as it only requires the addition of 
DNA solution to the system and the response is fast (within 15 min). Moreover, the 
optical appearance of 5CB can be observed by the naked eye and thus the complex 









We have designed cholesterol-labeled DNA (Chol-DNA) probes which could self-
assembly at the 5CB/aqueous interface. When high density or close-packed Chol-
DNA was present at the interface, 5CB would be in homeotropic orientations and 
appear dark under the crossed polarized microscope. So, by examining the changes of 
the optical appearance of 5CB, we studied this self-assembly process with several 
factors which could affect the packing of Chol-DNA at the interface. We found out 
that the cholesterol moiety was important for the self-assembly of DNA probes at the 
interface because it created the amphiphilic property for the Chol-DNA probes which 
anchored well at the interface. Besides, the self-assembly of Chol-DNA was also 
affected by the presence salt in the system, the concentration and the length of the 
Chol-DNA. The presence of salt, higher concentration and shorter length of Chol-
DNA contributed to the decreased in electrostatic repulsions between probes and 
enhanced the close packing of Chol-DNA at the interface. Based on this, we used this 
self-assembled Chol-DNA system to detect the DNA targets. When complementary 
DNA targets were added to the system, the homeotropic orientations of 5CB were 
disrupted and the optical appearance of 5CB changed from dark to bright. However, 
the optical appearance of 5CB remained unchanged when the system was exposed to 
non-complementary DNA targets. This 5CB-based detection system is able to detect 
the DNA targets and differentiate the complementary from the non-complementary 
DNA targets. It requires neither the fluorescent labeling of the DNA targets nor the 
washing off of the unhybridized DNA targets. The response time of this system is fast, 
which is within minutes, and it does not require any complex instrumentation. Thus, it 














DNA microarray has become a very popular technique because of its high-throughput 
and miniaturized properties. A key component in the DNA microarray technology is 
the detection of fluorescence signals emitted from fluorescently labeled DNA targets. 
Fluorophores are commonly used but they pose several disadvantages such as 
photobleaching, quenching effects, low sensitivity and the need for labeling. In view 
of these limitations, research work described in this thesis is aimed to address these 
issues and improve current DNA microarray technology. In Chapter 3, we 
investigated parameters relevant to immobilize DNA probes and perform DNA 
hybridization in house. We adopted a covalent coupling method to immobilize amine-
labeled DNA probes on an aldehyde-decorated surface. Several immobilization 
parameters, such as the concentration of salt and DNA and the immobilization time, 
which affected the efficiency of DNA immobilization were studied. We determined 





probes and 18 h of immobilization time. This condition can lead to a high density of 
immobilized DNA probes on the surface. The fabricated DNA microarray was 
subsequently used to hybridize with DNA targets. DNA hybridization is also affected 
by several factors such as the concentration of salt in hybridization buffer and the 
concentration of DNA targets used. Our experimental results show that by increasing 
the salt concentration of hybridization buffer or the DNA targets used, the amount of 
DNA targets hybridized to the DNA probes was also increase. In addition, the 
hybridization buffer, 0.02× SSPE, and 0.5 μM of DNA targets were found to be the 
best conditions to give the 6-fold discrimination between the complementary and 
single base mismatch DNA target hybridization. The developed immobilization and 
hybridization procedures are useful for the fabrication of DNA microarray in the lab 
and its application in the detection of single base pair mismatch DNA. 
 
In Chapter 4, we demonstrated that the fluorescence intensity of FAM-labeled 
DNA probes can be enhanced by using CTAB both in aqueous solution and solid 
surfaces. Because this phenomenon was not observed when anionic surfactant SDS or 
nonionic Triton X-100 were used, we concluded that the electrostatic interactions 
between cationic surfactant and FAM-labeled DNA played an important role in 
enhancing the fluorescence intensity. This technique was also applied to a DNA 
microarray to detect FAM-labeled DNA targets, and a 26-fold increment in the 
fluorescence intensity for perfect-match DNA spots was observed. More importantly, 
the contrast between perfect-match and single base-mismatch DNA spots also 
increased from 1.3-fold to 15-fold. This technique is capable of enhancing the 
detection limit of DNA microarray and improving the discrimination between perfect-






In Chapter 5, we demonstrated a new label-free method for the imaging of 
DNA probes immobilized on DNA microarray with LCs. We developed a mixed 
TEA/ DMOAP surface, which presented aldehyde functional groups and provided a 
dark backdrop, as a new DNA microarray solid substrate to accommodate this new 
imaging technique. After the immobilization of amine-labeled DNA probes and 
overlaying a thin layer of LCs, the optical image showed a very clear contrast 
between the DNA probes-bound areas and the dark background. We also noted that a 
clear transition of the optical appearance of LCs from dark to bright occurred at a 
particular DNA probes concentration. When the spot size was reduced, the detection 
limit was improved. This was accompanied by a correlation between interference 
colors and DNA probes concentrations and that served as a basis for the quantification 
of immobilized DNA probes on a solid surface. Besides, the LC-based imaging 
method had shown to report the spatial distribution of immobilized DNA probes 
reliably. This enables the defects on DNA microarray to be pinpointed before use. 
More importantly, the LC-based imaging method is non-destructive to the 
immobilized DNA probes. After removing LCs from the surface, immobilized DNA 
probes were still able to hybridize with their complementary targets as was evident in 
our fluorescence experiments. The developed LC imaging method, which is simple 
and easy to use, may provide an unconventional yet powerful tool for assessing the 
quality of DNA microarray and locating all surface defects before they are 
commissioned. This information is crucial for interpreting DNA microarray data 






This LC-based imaging tool is further applied to detect the DNA targets on 
solid surface. In Chapter 6, we developed our LC-based DNA target detection tool by 
using surfactants, cetyl trimethylammonium bromide (CTAB) to complex with DNA 
strands. Electrostatic attraction between negatively charged DNA and positively 
charged CTAB causes the formation of DNA/ CTAB complexes on the surface, and 
that can be reflected by the dark optical image of LC supported on the surface. It was 




of CTAB was required on the DNA probes 
in order to cause the LC to turn dark. In contrast, PNA with a neutral backbone does 
not attract CTAB, and LC supported on this region remains bright. These findings 
were used to detect DNA targets which were hybridized to the PNA probes 
immobilized on solid surface. It was shown that after treating the surface with CTAB, 
the optical image of LC on PNA/ DNA targets spots was dark while on PNA probes 
only spots was bright. The significant contrast between the single-stranded strands 
and double-stranded strands was further employed to discriminate complementary 
from the non-complementary PNA/ DNA strands.  
 
 Despite the advantages of using LCs to detect DNA targets on solid surface 
such as the feasibility for high throughput analysis and label-free detection, the long 
duration of DNA hybridization makes this method not feasible for real-time detection. 
In Chapter 7, we utilized the aqueous-LC interface system to develop an LC-based 
tool which can detect the DNA targets hybridization in real-time manner. We 
designed cholesterol-labeled DNA (Chol-DNA) probes which self-assembly at the 
5CB/ aqueous interface. We conclude that when closely-packed Chol-DNA probes 
are present at the interface, 5CB is in a homeotropic orientation and appears dark 





observe the self-assembly of Chol-DNA at the interface. Next, we used this system to 
detect specific DNA targets through DNA hybridization. When perfect match DNA 
targets are added to the system, the homeotropic orientation of 5CB is disrupted and 
the optical appearance of 5CB changes from dark to bright. However, the optical 
appearance of 5CB remains unchanged when the system is exposed to single base or 
two bases mismatch DNA targets. The main advantage of this system is that it does 
not require fluorescent labeling of the DNA targets or the washing step to remove 
unhybridized DNA targets. The response time of this system is also very fast, and it 
does not require any complex instrumentation. Thus, it has the potential to be applied 









Based on the experimental results and discussions from this thesis, we make some 
recommendations for future investigation. First, the current hybridization procedure 
gives relatively low hybridization efficiency, i.e. 28%, as compared to nearly 100% as 
reported by (Levicky et al. 1998). The improvement on the hybridization efficiency is 
needed to increase the sensitivity in the fluorescence signals detection and to 
discriminate the perfect match and 1-mismatch DNA probes more effectively. Besides, 
by increasing the hybridization efficiency, the surface density of dsDNA can be 
increased and the disruption of the orientations of LCs can also be increased. If the 
hybridization efficiency is high enough, then perhaps strategies of using surfactants to 
enhance the LC signal will no longer be needed. To improve the hybridization 
efficiency, several parameters such as the types of hybridization buffer used, the 
temperature of hybridization and the correlation between the DNA probes density and 
DNA targets concentration can be adopted and studied to understand their effects on 
the hybridization performance (Levicky et al. 1998). In term of using LCs to detect 
DNA targets, several factors can be tuned in order to improve the detection signal. For 
instance, the property of the boundary surfaces can affect the orientations of LCs 
(Price and Schwartz 2006). By using a more hydrophilic or lower anchoring energy 
surfaces, LCs will tend to orientate in tilted or planar orientations. DNA on surface 
with lower anchoring energy can disrupt the orientations of LCs more easily. Besides, 
the thickness of the fabricated LC cell also affects the orientations of LCs (Price and 
Schwartz 2006). Thinner cell will orientate LCs homeotropically as compared to 






 Because the detection of DNA targets on LC-solid interface poses some 
limitations such as low sensitivity and affected by the property of the surfaces used, 
LC-aqueous interface system gives a better option to detect DNA targets. We have 
shown the used of the LC-aqueous interface system in Chapter 7 but the study is 
preliminary and further study is required to improve the system. Our current system is 
able to detect perfect match DNA targets and discriminate them from the 1-mismatch 
DNA targets but the detection limit is not very high. One of the possible reasons is the 
low DNA hybridization efficiency. Even though solution hybridization efficiency is 
normally higher than that on the surface, the stringency of hybridization buffer which 
are affected by the concentration of salt and DNA targets and the addition of 
formamide (Price and Schwartz 2008) worth a detailed study in order to increase the 
amount of DNA targets hybridized to their perfect match DNA probes. The second 
reason is because of the remaining cholesterol-DNA probes in the bulk solution which 
can self-assemble at the LC-aqueous interface and restrict the orientational change of 
LCs. The cholesterol-DNA probes are not removed after self-assembling at the LC-
aqueous interface because the cholesterol-DNA probes are not stable at the interface if 
we change the bulk solution condition, i.e. they will desorb from the interface after 
the bulk solution is changed to a fresh solution. So, more stable DNA probes need to 
be used such that the DNA probes can anchor at the LC-aqueous interface even after 
the bulk solution is changed. This can be achieved by using two head cholesterol-
DNA probes which exhibit stronger coupling strength to lipid membranes (Pfeiffer 
and Höök 2004). Another type of DNA probes which behave as amphiphiles, such as 





assemble at the LC-aqueous interface and the anchoring stability is compared with the 
cholesterol-DNA probes. 
 
 So far, we have only used synthetic DNA targets in our experiments. 
Therefore, in the next phase of this study, biological samples should be used to test 
the feasibility of the developed LC-based system. From our previous sections, we 
discussed that the orientations of LCs are greatly affected by the materials or solution 
at the interfaces of LCs. Thus, the effect of buffer solution used in the preparation of 
biological samples on the orientations of LCs (i.e. whether the buffer solution will 
cause homeotropic orientations or planar orientations) needs to be known beforehand. 
By knowing this, the LC-based system can be further tuned to work either from 
homeotropic to planar or from planar to homeotropic upon the hybridization of real 
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